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Preface 


The prospect of deep-sea mining was initially suggested by J. L. Mero in 
his book Mineral Resources of the Sea in the mid-1960s (Mero, 1965). Mero 
claimed that nearly limitless supplies of cobalt, nickel and other metals 
could be found throughout the oceans in the form of manganese nodules, 
which appear as lumps of compressed sediment on the sea floor at depths 
of about 5000 m. Nodules were originally discovered by the HMS Chal- 
lenger expedition in the 1870s. Several nations started to investigate these 
claims, especially in the Clarion-Clipperton Zone in the Pacific Ocean in 
the 1960s. However, these initial resource estimates of deep-sea minerals 
turned out to be exaggerated. This overestimate, coupled with depressed 
metal prices, led to the near abandonment of nodule mining by 1982. 

Norway was involved in several new research initiatives, primarily 
through the Fridtjof Nansen Institute in the 1980s and 1990s, to reinvigo- 
rate the case for seabed mining. This culminated in the establishment of 
the Norwegian Deep Seabed Mining Group, a consortium of five Norwe- 
gian companies, the Fridtjof Nansen Institute and Norwegian University 
of Science and Technology (NTNU), to develop new business cases from 
1999 to 2001 (Søreide et al., 2001). However, due to the still-depressed 
metal prices, no profitable business cases could be identified. 

Meanwhile, in 1977, a group of marine geologists discovered the first 
hydrothermal vents along the Galapagos Rift, part of the global Mid- 
Ocean Ridge (MOR) system where new oceanic crust is generated, while 
diving in the DSV ALVIN, a research submersible operated by Woods 
Hole Oceanographic Institution. It was slowly understood that these vent 
systems constitute mineral deposits in the making, delivering copper, 
zinc, gold and silver to the seafloor. Interest, therefore, shifted towards 
hydrothermal vents as another source of metals instead of scattered 
nodules. 


PREFACE 


Over the past decade, a new era of interest in deep-sea minerals has 
begun. Rising demand and diminishing supplies on land has pushed the 
search for new sources in many areas. Norway has a significant section of 
the Mid-Atlantic Ridge within its extended continental shelf. In its explo- 
ration of this part of the ridge since the early 2000s, the University of 
Bergen has discovered a handful of hydrothermal vent systems. 

Consequently, in 2011 NTNU together with Statoil ASA (now Equinor 
ASA) and Nordic Ocean Resources AS established a new research initia- 
tive to investigate the deep marine minerals and mining potential in the 
Norwegian sector. This book presents the results of that project. 

Due to the high resource potential indicated by these studies, the Nor- 
wegian government included marine minerals in its mineral strategy for 
the first time in 2013 and issued draft legislation for the management of 
marine minerals within the Norwegian extended continental shelf in 2017 
(OED, 2017). This legislation (LOV-2019-03-22-7) was announced on 22 
March 2019 and came into effect on 1 July 2019. Only time will tell, how- 
ever, if marine mining will develop into a new industry in the future. 


Trondheim, September 2019. 
Steinar Love Ellefmo and Fredrik Søreide 


10 


CHAPTER 1 


Introduction 


A mineral is a naturally occurring, inorganic substance with a definite 
chemical composition and crystal structure. There are about 3500 miner- 
als in the Earth’s crust. The minerals contain elements that humankind 
needs daily. We are big consumers of metals like copper, zinc, gold and 
iron and minerals like quartz and feldspar, to name just a few. It is likely 
that the demand for minerals will continue to increase, with, for exam- 
ple, an increasing demand for renewable energy production. Without 
exploitation of mineral resources, we will no longer have products like 
white paper, toothpaste, computers, batteries, cars, windmills, buildings, 
glass and the infrastructure that underpins modern civilisation. 

About 71% of the Earth’s surface is covered by water, and it should 
therefore come as no surprise that the sediments occurring on the ocean 
floor contain mineral deposits of potential economic value (Cronan, 1992, 
1999). These include: 


e Aggregates, which are nearshore deposits of detrital silicate min- 
erals and calcium carbonate, principally used in the construction 
industry. 

e Placers, which are detrital metallic deposits generally found on 
beaches and in nearshore areas. 

e Phosphorites, which are mineral precipitates formed in situ on the 
sea floor, in generally deeper water than placers. 

e Manganese nodules, which are concretionary deposits principally 
of iron, manganese, nickel, copper and cobalt, which occur typi- 
cally in the deeper parts of the oceans. 

e Ferromanganese oxide crusts, or the so-called cobalt rich crusts, 
which occupy seamount areas in and around island chains. 

e Hydrothermal deposits, which are precipitates of principally iron, 
copper and zinc sulphides, formed as a result of submarine volcanic 
activity and hydrothermal venting, which can also contain enrich- 
ments of lead, silver and gold. 
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The processes of supply of elements to the sea floor will determine the 
occurrence of these deposits. Chemical elements enter seawater in a num- 
ber of different ways. Sometimes their ultimate source is the dissolved 
material in rivers draining the continents. In other cases, they are derived 
from hydrothermal solutions entering seawater from submarine volca- 
noes. Because ocean mixing processes are slow, elements introduced into 
seawater from a specific source can sometimes be identified at consider- 
able distances from that source. Thus, the oceans are by no means uni- 
form in composition (Cronan, 1992). 

Only about 10% of the ocean floor has been mapped at a resolution 
greater than 100 metres. Most mineral deposits, and many ocean floor 
features that can indicate such deposits, cannot be seen at this resolution. 
We need better, smarter and more efficient technologies and data-man- 
agement methodologies and systems if we want to know more about the 
ocean floor and its resource potential. 

Marine mineral deposits are present in many areas of the ocean, some 
in international waters and some in exclusive economic zones (EEZ). 
General recognition of exclusive economic zones as potential locations 
for marine mineral resources other than oil and gas dates from the early 
1980s. Norway sent a proposal for the extension of its continental shelf to 
the Commission on the Limits of the Continental Shelf (CLCS) in 2006, 
which was found largely acceptable in 2009. However, Norway has not 
issued a final proclamation of the extended boundary because of poten- 
tial overlaps with other countries. The current Norwegian jurisdiction is 
shown in Figure 1-1, including the waters surrounding the islands of Jan 
Mayen and Spitsbergen. 
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Norwegian Petroleum Directorate 


Figure 1-1 Norway manages one of the largest maritime zones in the world. The current 
Norwegian jurisdiction is defined by the red, yellow and purple lines on the map. Map 


source: Norwegian Petroleum Directorate / Harald Brekke and Becker et al. (2009). 
Click here for larger image. 


It is possible that all of the marine mineral resources mentioned above are 
present to a certain extent within the Norwegian jurisdiction. However, 
to what extent needs to be quantified. Aggregates, hydrothermal deposits, 
crust and nodules have been positively identified. Figure 1-2 shows areas 
with potential for hydrothermal (sulphide) and crust deposits. 
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crust deposits 
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crust deposits NPD 


Figure 1-2 Map showing areas with a potential for sulphide and crust deposits inside 
Norwegian jurisdiction. The exploration area that was thoroughly investigated by the 
NPD in 2018 (NPD, 2018c) is indicated by the red rectangle. Map source: NPD, 2018c. 
Click here for larger image. 


1.1 Nodules and crust 


Nodules and crusts are concretions formed as a result of precipitation 
from the surrounding waters. Removal of elements from seawater and 
from the interstitial waters of sediments takes place through a number 
of reactions. These include direct precipitation, catalytic precipitation 
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and absorption. The processes of direct removal of elements from sea- 


water into sediments are termed hydrogenous phases, and generally tend 


to accumulate slowly. Manganese nodules and iron and manganese-rich 


(FeMn) crusts are primarily hydrogenous in origin and often cobalt rich 


(Cronan, 1992). 


Exploration for nodules has been ongoing since the 1960s. Since 


nodules are primarily located in international waters, this is mainly 
handled by the International Seabed Authority (ISA). Interest in nodule 
mining has seen a revival in recent years with several new exploration 


licenses issued. The ISA has, to date, issued 16 exploration licenses as can 


be seen in Figure 1-3, 15 of which are located within the so-called Clarion- 


Clipperton Zone in the Pacific Ocean (ISA, 2018). 
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* In the case of polymetallic nodules, the so-called parallel system provides that each application for exploration by a developed State must cover two parts of “equal estimated commercial value”. 
One part is allocated to the applicant and the other is to become the reserved area, which is set aside for the conduct of activities by the Authority or developing States. 

** In July 2012, the Authority adopted an environmental management plan for the Clarion-Clipperton Zone to be implemented on a provisional basis over an initial three-year period. 

The plan includes the designation of a network of areas of particular environmental interest (ISBA/18/C/22). 


@©lnternational Seabed Authority, 24 July 2014. Background map: ESRI 


Figure 1-3 15 out of 16 exploration licenses for nodules issued by ISA are in the 
Clarion-Clipperton Zone in the Pacific (Image: © International Seabed Authority). 
Click here for larger image. 
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The Cook Islands also established a legal framework to issue nodule min- 
ing licenses in their EEZ in 2016. It is expected that they will begin to 
issue the first exploration license in 2019 (Cook Islands Seabed Minerals 
Authority, 2018). Four exploration licenses for FeMn crusts in the West- 
ern Pacific Ocean have currently been awarded by the International Sea- 
bed Authority (ISA, 2018). 

Little is known about nodules and crusts in Norwegian jurisdiction, 
but findings from a 1980 cruise to ten locations in the Barents Sea indi- 
cate that ferromanganese concretions exist around Svalbard (Ingri, 1985). 
The deposits occur as discoidal and flat concretions and as coatings, in 
the latter case on lithified or detrital material or as extensive pavements 
on the Svalbard shelf. FeMn-rich coatings showed enrichment of Mo, Zn 
and Co in a Mn-oxide/oxyhydroxide mineral phase. The Fe-oxide/oxy- 
hydroxide mineral phase holds high concretions of P and As. Two iron- 
rich concretions with high contents of P, Ca, St, Y, Yb and La were found 
east and northeast of Spitsbergen Banken, probably indicating upwelling 
of nutrient-rich, cold polar water along the Svalbard shelf. NPD (NPD, 
2018d; Brekke, 2017) has done work on manganese crust inside the Nor- 
wegian jurisdiction. Initial chemical investigations indicate elevated 
values of rare earth elements (lanthanides, scandium and yttrium) and 
lithium compared to similar deposits in the Pacific and further south in 
the Atlantic Ocean. However, much more work is required to assess the 
economic value and density of these deposits. 


1.2 Aggregates, placers and phosphorites 


Terrigenous materials are the solid products of continental weathering 
and their composition reflects that of the continental rocks from which 
they are derived. They enter the oceans ina particulate form and remain in 
that form throughout their depositional processes. Clay minerals, quartz 
and feldspars are the most important silicate components in marine sedi- 
ments (Cronan, 1992). These form a number of different deposit types. 
Aggregates are non-metallic deposits consisting of sand, gravel, shell 
or coral debris and have been concentrated in their present occurrences 
by sea floor hydrodynamic processes, although their deposition may 
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originally have been by some other mechanism, by rivers or glaciers, for 
example (Cronan, 1992). Marine aggregates are used in several countries 
as construction materials, including Norway. 

Placers are metallic minerals or gems which have been transported 
to their sites of deposition in the form of solid particles and are there- 
fore detrital minerals. They are resistant minerals which have been made 
available on breakdown of their parent rock. Placer diamonds are mined 
off the coast of Namibia by DeBeers and have become one of the main 
sources of diamonds. 

Phosphorite is a mixed phosphate carbonate deposit, the principal 
mineral of which is a variety of apatite called carbonate fluorapatite, or 
francolite. This mineral often occurs in the deposits in the form of pel- 
lets or nodules, and at less than 1000 metres water depth. A principal 
requirement is a supply of phosphorous to the sea floor, often supported 
by marine organisms. Marine phosphorite deposits are primarily used 
for fertiliser production. Some deposits have been mined offshore and 
major new projects are currently under consideration in New Zealand 
and the Gulf of Mexico. 


1.3 Hydrothermal deposits 


Despite being located on what qualifies as an ultraslow spreading ridge, 
where the tectonic plates that make up the sea floor move apart at a full 
spreading rate of less than 2 cm per year, the environment of the mid- 
Atlantic ridge inside Norwegian jurisdiction is quite dynamic. This ridge 
section is part of the Arctic Mid-Ocean Ridge (AMOR). New crust is being 
constantly produced as the ocean floor creeps apart to expose the mantle, 
placing huge stresses on the rock, which causes extensive cracking, slip- 
ping and deformation. In addition, the spreading of the tectonic plates 
at the MOR causes the mantle to melt, releasing magma into the crust 
where some of it erupts to form volcanoes and lava flows. This leads to the 
formation of a ridge where faulting disrupts the topography of the sur- 
face, resulting in the formation of valleys and mountains adjacent to the 
main spreading margin. An extensive fracture network is also generated 
at depth, linked to the enormous heat source of the underlying mantle. 
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This system of interlocking fractures within the oceanic crust allows 
cold, dense seawater to migrate down through the hot rock mass, where it 
becomes increasingly hotter as it gets closer to the thermal source below, 
and more acidic as it interacts with the sediments and basalt. Eventually, 
once it reaches a critical temperature (400-500 C), it becomes buoyant, 
and moves back towards the surface. Research has indicated that possible 
seawater interaction with volcanic rocks occurs down to a depth of sev- 
eral kilometres below the seafloor. At this stage, the hot fluids have scav- 
enged many elements from the oceanic crust, and are relatively enriched 
in economically-significant phases such as Cu, Zn, Ag and even Au, as 
well as typical rock-forming elements such as Fe, Mg, Si and the epon- 
ymous S. As the water reaches the surface once again, the rapid change 
in temperature and chemical environment causes the dissolved elements 
to crystallise under and on the sea floor, forming a series of mounds 
and hydrothermal vents. If this so-called hydrothermal fluid collected 
enough economically-important elements, and the chemical and thermal 
state of the sea floor is perfectly suitable for sufficient precipitation, then 
these elements may form significant accumulations of minerals (such as 
chalcopyrite with Cu and sphalerite with Zn) which can subsequently be 
located and utilised as an economic reserve. It is the exact combination 
of these physical features and chemical processes, occurring in the cor- 
rect order for a long enough time, that allows the formation of sea floor 
massive sulphides (SMS); the chances of this happening are very low. 
These deposits may be surrounded by a halo of iron-rich sediments, and 
a plume of iron and manganese-rich particulates can develop in the over- 
lying seawater which can extend and precipitate oxides many kilometres 
away from the hydrothermal source. See e.g. Robb (2004) and Chapter 3 
for further details. 

Six licenses have so far been issued by the International Seabed Author- 
ity for the exploration of sea floor massive sulphides in international 
waters; two along the slow-spreading (full spreading rate of between 20 
and 55 mm/year) ridge further south in the Atlantic Ocean and four in 
the Indian Ocean (ISA, 2018). See Figure 1-4 and Figure 1-5. 
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Figure 1-4 Russian, Polish and French exploration licenses issued in the Atlantic by 
ISA (Image: © International Seabed Authority). Click here for larger image. 
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Figure 1-5 Exploration licenses issued in the Indian Ocean (Image: © International 
Seabed Authority). Click here for larger image. 
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Several active and inactive hydrothermal systems have been discovered 
along the AMOR (Pedersen et al. 2010a, 2010b). These vent fields are 
located inside the Norwegian Extended Continental Shelf. Two inactive 
and four active hydrothermal systems with potential mineral resources 
have been detected at the Kolbeinsey Ridge and the Mohns and Knipov- 
ich Ridges. These vent systems are found in a range of geological settings, 
ranging in depth from 140-2500 m depth, and with vent fluids ranging in 
temperature from a few degrees to 320°C. 


1.4 Objective and structure of the book 


Hydrothermal deposits , a specific type of marine mineral, located within 
Norwegian jurisdiction have an interesting potential and are the focus of 
this book. The objectives are, by focusing on a probabilistic play assess- 
ment, to quantify the resource potential and the associated uncertainty 
along the mid-ocean ridge inside Norwegian jurisdiction and to provide 
insights useful in future prospecting and exploration activities. We can- 
not, and do not, claim that all the inputs into the analysis are correct in 
the strictest sense, but with the probabilistic input we cover a realistic 
sample space (minimum and maximum values) and the resource poten- 
tial is compared with other potential estimates and thereby validated. The 
majority of the work presented herein was executed during a period of 
two years, from 2012 to 2014. 

This book aims at an international and interdisciplinary audience. 
However, a certain understanding of geology, marine minerals, mineral 
resource estimation and statistics is recommended in order to draw full 
benefits from the text. Some key terms are defined and explained in boxes 
imbedded in the text in order to increase readability and to increase the 
level of understanding. With this audience in mind, some terms have 
been left out and some might not be described in great enough detail to 
satisfy all experts. If nothing else, we hope that anyone reading the book 
will, at least, reflect on the mineral resource potential on and in the deep 
ocean floor, and how it and its potential extraction might contribute to 


meet the mineral and metal needs of the future. 
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The book initially gives a short geological background with focus on 
sea floor massive mineral resources. This is followed by an explanation of 
the play analysis methodology. One of the main challenges in play analy- 
sis, as it is used here, is to define the so-called permissive areas or tracts. 
How these are defined and their characteristics are explained in Chapters 
4 and 5. Assessment results are presented in Chapter 6 and validated in 
Chapter 7. Chapter 8 describes the role of projects and activities like the 
MarMine Project (a research project funded by the Norwegian Research 
Council to study and sample one of the known active SMS systems) in 
validating the potential estimation results obtained in this and future 
studies. This chapter also includes a reference to the publicly-available 
results from two exploration cruises conducted by the Norwegian Petro- 
leum Directorate, in 2018 and 2019. Some concluding remarks regarding 
resource potential are made in Chapter 9, along with a comparison and 
discussion of the results presented herein and the results from similar 
studies performed post 2014. 

The book is the outcome of a collaborative project with participants 
from the Norwegian University of Science and Technology (NTNU), 
Nordic Mining ASA and Statoil ASA (now Equinor ASA) carried out 
between 2012 and 2019, and funded by Nordic Mining ASA and Statoil 
ASA. Steinar Love Ellefmo and Fredrik Søreide have written most of the 
text and edited those portions drafted by the other researchers involved: 
Cyril Juliani, Krishna Panthi, Richard Sinding-Larsen and Ben Snook, 
all from NTNU, and Georgy Cherkashov, Sergey Petukhov and Irina 
Poroshina from VNIOkeangeologia (Russian Institute for Geology and 
Mineral Resources of the Ocean). 

Cyril Juliani and Ben Snook contributed with descriptions of the 
geology along the mid-Atlantic ridge, the geological processes and the 
analysis and characterization of sample material collected during the 
MarMine-cruise. 

Richard Sinding-Larsen, along with Steinar Ellefmo and Fredrik 
Søreide, carried out the fundamental work in converting the analysis of 
the bathymetric data performed by researchers from VNIIOkeangeolo- 
gia into the resource estimate. The results from this work were delivered 
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to the project as a report referred to throughout the book as ‘Ellefmo & 
Søreide, 2014’. 

Krishna Kanta Panthi contributed the section ‘Introduction to rock 
mechanics, which connects geodynamic analysis with rock mechanic 
principles, and he rewrote the ‘Geodynamic analysis’ section in chapter 
4, ‘Definition and description of permissive tracts in the absence of data’. 
He also contributed to the section on ‘Morphostructural analysis’. 

Georgy Cherkashov, Sergey Petukhov and Irina Poroshina carried out 
the analysis of the bathymetric /morphostructural data and thereby did 
the fundamental work necessary to define the permissive/favorable areas 
that were the input into the resource estimate. The results from their work 
were delivered to the project as a report referred to throughout the book 
as ‘Cherkashov et al., 2013”. 
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Geological Background 


2.1 Regional setting and ridge morphology 


2.1.1 Introduction 


The Earth is dynamic. Landmasses and ocean floors have been in motion 
since the dawn of time and will continue to be into the (un) foreseeable future. 


90°E 135°E 


Figure 2-1 World map showing the landmasses, plate boundaries and mid-ocean 
ridges that run through the Atlantic, the Indian and the Pacific Oceans. Source: 
GeomapApp (http://www.geomapapp.org) version 3.6.8 and Global Multi-Resolution 
Topography Data Synthesis (GMRT Image Version 3.5). Click here for larger image. 


Continents and ocean floors are destroyed at destructive plate boundaries 
where two plates meet, and new crust is made at divergent or constructive 
boundaries. We find destructive plate boundaries, for example, off the 
coast of Japan, where the Pacific Plate collides with and is pushed under 
the Eurasian Plate, and off the coast of South America, where the Nazca 
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Plate is pushed under the South American Plate and forms the Andes 
Mountains. The mid-ocean ridges belong to the longest mountain range 
in the world, constituting worldwide 64,000 kilometre long, volcanically- 
active and constructive plate boundaries. Water depths average about 
2500 metres to the top of the ridge, reaching their deepest point of about 
5500 metres in the Cayman Trough in the Western Caribbean and reach- 
ing above sea level in Iceland. In Iceland, the Mid-Atlantic Ridge (MAR) 
that splits the Atlantic Ocean floor into two parts, from the Gakkel Ridge 
northeast of Greenland in the north to the Bouvet Triple Junction in the 
south, crosses the Pingvellir National Park. The MAR separates the Eur- 
asian and North American Plates in the north and the African and South 
American Plates in the south. See Figure 2-1. 


2.1.2 The Knipovich Ridge 


The Knipovich Ridge is an independent 550 km long system of spread- 
ing ridges in the North Atlantic, located in the eastern part of the Nor- 
wegian-Greenland Basin. See Figure 2-2. It joins the Mohns Ridge in 
the south, and is limited by the Molloy Transform Fault in the north. 
Its geological strike, practically in a north-south direction, is skewed 
(35°-65°) compared to that theoretically predicted for the spreading 
direction in this region (DeMets et al., 1990). All along the Knipovich 
Ridge, the well-developed rift valley has an average axial depth of about 
3.5 km (Okino et al., 2002); its valley is rather typical for the sections of 
slow-spreading ridges with reduced magmatic feed. One can distinctly 
identify the 7-15 km wide inner floor and usually two or three ridge walls, 
often controlled by detachment faults, separated by rather wide terraces. 


A detachment fault is a large-scale fault structure associated with extensional 
tectonism. They can show tens of kilometres of displacements and play an im- 


portant role in the formation of hydrothermal activity. 


The ridge flanks that form the meridionally-extended plateau consist of 
volcanos and large massifs of complex origin, which are possibly oceanic 
detachments (Zonenshain et al., 1989). The eastern flank of the Knipov- 
ich Ridge is more subsided compared to the western side, a characteristic 
usually attributed to the accumulated sedimentary load (Kandilarov et 
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al., 2010). On the other hand, no strong asymmetry is seen in the flange 
structure apart from the area north of 78 degrees north, where the east- 
ern portion of the ridge valley joins directly with the continental margin 
of Svalbard. These characteristics of the Knipovich Ridge add a signifi- 
cant contrast to most other mid-ocean ridges situated far off continen- 
tal margins. The system is situated close to the Svalbard and Barents 
Continental Margins, which were lifted up in the Late Cenozoic, some 
60 million years ago. The area connecting the Mohns and Knipovich 
Ridges is close to the Bear Island Fan, which has a maximum thickness 
of more than 3 km of quaternary glacial sediments (Fiedler & Faleide, 
1996; Faleide et al., 1996). The distal part of the fan reaches the spreading 
ridge. At the Mohns-Knipovich Ridge Bend, six multichannel seismic 
profiles have been collected and analysed in 2001 (Bruvoll et al., 2009). 
To the north of the bend, the Knipovich Ridge is situated close to the 
Bellsund and Isfjorden Fans, which have been in front of troughs on 
the continental shelf. About five million years old (late Plio-Pleistocene) 
fan complexes (Vorren et al., 1998) input sediments into the rift valley 
(Amundsen et al., 2011). 
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Figure 2-2 Knipovich Ridge characterised by a deep axial floor, high relief, highly 
oblique spreading and development of axial volcanic ridges. See inset for location. 
Source: GeoMapApp / GMRT Grid (Ryan et al., 2009). Click here for larger image. 
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Along the ridge, individual spreading segments are several tens of kilo- 
metres long and consist of two types: segments sustained by magmatic 
inputs and spaced at intervals of 85-100 km (Okino et al., 2002), and seg- 
ments with lower relief that lack magmatism. Robust magmatic segments 
are considered to be loci of recent volcanic activity supported by man- 
tle upwelling cells. The larger segment spacing observed on the Knipo- 
vich Ridge may reflect the large-scale thermal structure of the mantle 
that controls the focused magmatism. However, shallower geometric and 
kinematic factors, such as rift obliquity and plate separation rate, may 
also influence these processes. In particular, the southern Knipovich 
Ridge has lower relief spreading segment centres associated with high 
obliquity, slow spreading rates and reduced mantle melting, which results 
in a lower magma supply (Okino et al., 2002). 

For the majority of the valley sections, one can hardly use the term ‘vol- 
canic segment’ in its classical meaning, even though this issue is treated 
differently by different scientists, such as Crane et al. (2001) and Okino et 
al. (2002). It can be supposed that the morphostructural expressions for the 
Knipovich ridge develop in two stages, which is elaborated in the following. 
The topographic signature of breaks between segments, known as non-trans- 
form discontinuities, are clearly manifested on the valley flanks, along the 
zones running north-west and along the trend of the Paleo-Spitsbergen zone 
of displacement off-sets, which existed before the supposed beginning of 
spreading in this region (Crane et al., 2001). These signatures are expressed 
either by steep scarps with strike orientation having opposite inclination at 
the counter slopes of the valley or by sharp wedging of the axial structures 
directed north-east. In the first case, two systems of oppositely-inclining 
scarps intersect in the zones of non-transform displacement at the angle 
of 50° to 60°. Under these conditions, the elevation amplitude and volcanic 
activity are much higher. Thus, the tectonic processes at the segment bound- 
aries control the arrangement of the areas of maximal magmatic activity, 
which clearly tends towards the zones of increased crustal permeability. 


A geomorphological (morphostructural) analysis is an analysis of the mor- 
phology of the ocean floor that enables the identification of structures like flat- 
topped volcanoes, scarps, faults and axial volcanic ridges (AVRs), indicative of 


the probable presence of hydrothermal manifestations. 
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The Knipovich Ridge drops out of the formation scheme of an ordinary 
mid-ocean ridge. It lacks linearly-ordered magnetic anomalies (see Fig- 
ure 2-4) and the major morphostructural elements are rather vaguely 
expressed. All this does not exclude a possible formation of sulphide ores 
on the Knipovich Ridge. Tectonism, as well as magmatism, are actively 
developed. Hence, hydrothermal venting followed by sulphide minerali- 
sation is probable. Special studies are, however, necessary to reveal the cri- 
teria for predicting sites of possible SMS accumulation. These challenges 
are in this book addressed using geomorphological (morphostructural) 
analysis of the relief of the Knipovich Ridge and geodynamic modelling. 

Basaltic lava flows of two age generations are visible on side-scan sonar 
images (Crane et al., 2001). Side-scan sonar is a method whereby acoustic 
images are acquired of the seafloor, often in great details, and show where 
young volcanic features and lavas are, or where the seafloor is covered in 
sediment. The youngest flows, scarcely covered with sediment, are less than 
several thousand years old (the sedimentation rate is 1 cm per 1000 years). 
In the northern part of the ridge, the young, sheet and pillow lava basalts are 
nearly equal and cover about the half of the valley floor. The largest volcanic 
structures form several linear ridges, 25-30 km long, with heights between 
500 and 800 metres. These ridges cross the valley floor at a small angle 
and merge with the opposite scarps forming the valley walls. Moreover, 
many small irregular volcanic ridges have been recorded, including vast 
fields of predominantly developed sheet lavas, narrow basalt strips associ- 
ated with small fracture outflows, and central type volcanoes. In the major- 
ity of cases, the volcanic manifestations are associated with linear tectonic 
structures (small faults and fractures) on the valley floor, and rarely with 
the large marginal faults. This is typical in spreading areas, where tangen- 
tial stresses are close to zero. The maximal recent volcanism is recorded in 
the two segments south of 77 degrees north. Two regions, with somewhat 
more restricted development of the young volcanic rocks, are located in the 
intervals 77°15’-77°35 and 77°45-77°58 north. There are also several volca- 
nic centres located south of 76° N (Tamaki & Cherkashev, 2000). 

The recent tectonic activity on the inner floor of the rift valleys is 
typically found at the areas of young volcanism and at the areas with 
thick sediment covers. It exhibits itself in the formation of an en echelon 
(oblique) system of small (the first tens of metres) fault scarps interfaced 
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with linear fractures. The general strike of these structures varies between 
25° and 35°, which approximately corresponds to the regional stress field 
developed due to sea floor spreading. Their end sections are often bent in 
the north-south direction, which suggests the existence of overall shear 
stresses. On the slopes of the rift valley, the modern tectonic activity is 
concentrated mostly at the zones of intersection of the longitudinal and 
transversal dislocations, corresponding to the non-transform disconti- 
nuities forming the spreading segment boundaries. 


2.1.3 The Mohns Ridge 


The Mohns Ridge, by the features of its structure, morphology and 
development, may be regarded as a mid-oceanic structure formed in the 


regime very close to a common MOR. See Figure 2-3. 


Figure 2-3 Mohns Ridge characterised by a deep axial floor, high relief, asymmetric 
development, oblique spreading and development of axial volcanic ridges. See inset 
for location. Source: GGoMapApp / GMRT Grid (Ryan et al., 2009). Click here for 
larger image. 


The system of clear, linear magnetic anomalies indicates its spreading 
nature. See Figure 2-4. The absence of transform displacements and the 
skewed spreading are its abnormal features. Morphologically, it is well 
expressed. One may expect SMS type deposits in the valley among neo-vol- 
canic elevations with rift structures, in the apical part on central-type 
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volcanoes, at the edges with rotated blocks and flattened sub-horizontal 
terrace-like steps, outside the edges, between their upper rim and the toes 
of rift mounts. Several venting sites have been discovered in the region 
(Pedersen et al., 2010b). See Chapters 3.4 and 3.5. 
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Figure 2-4 The magnetic anomalies on both sides of Mohns Ridge indicated by the 
blue and green repetitions indicating a varying direction of the magnetic field are not 
seen around Knipovich Ridge. Source: GeoMapApp (http://www.geomapapp.org) 
version 3.6.8 and the embedded 2-arc minute EMAG2-data from 2013 (http://www. 
geomag.us/models/emagz2.html). Click here for larger image. 


Mohns Ridge is an ultra-slow-spreading centre (<20 mm a”) situated 
within the Norwegian-Greenland Sea, that started opening approximately 
53-55 Ma ago during the extension of the Mid-Atlantic Ridge (MAR) north 
of Iceland (Talwani & Eldholm, 1977; Torsvik et al., 2001; Vogt, 1986). It 
extends WSW-ENE for about 550 km from its southernmost part, delim- 
ited by the Jan Mayen Fracture Zone, to its northern junction with the 
Knipovich Ridge. The ridge presently spreads at a rate of about 15 to 16 mm/ 
yr (Mosar et al., 2012) with an oblique relative displacement of 30° (Dau- 
teuil and Brun, 1993). Its mean crustal thickness is of about 4.0 + 0.5 km, 
a thickness considered lower than average for normal crust formed along 
the MAR (Klingelhöfer, 2000), but typical for ultra-slow-spreading ridges 

that generally show thinner and variable crustal thicknesses (Chen, 1992). 
Along the ridge, water depth of the value floor ranges from 2.5 to 3.5 km 
below seawater level (Géli et al., 1994), and decreases progressively towards 
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the south-west due to its proximity to the Icelandic hotspot (Talwani & 
Eldholm, 1977; Vogt, 1986). A characteristic aspect of the rift bathymetry 
is the strong asymmetric configuration of the flanks delimiting globally 
higher summits on the north-western sides (Vogt et al., 1982, Johansen et 
al., 2019). Moreover, the axial valley and the bounding flanks are marked 
by a series of en-echelon ridges interconnected by non-transform offsets 
(NTOs, see Figure 2-3) that commonly result from varying obliquity (Géli 
et al., 1994). This segmentation pattern occurs with intermittent volca- 
nism characterised by basement highs elongated at the scale of approxi- 
mately 20-30 km and oriented perpendicularly to the spreading direction. 
Previous studies distinguished these ridge segments to be volcanic edi- 
fices (Géli et al., 1994), while some involved tectonic origins solely with 
transtensional bounding faults (Dauteuil & Brun, 1993, 1996). 


Non-transform offsets (NTOs) are areas with a gradual transition between 
spreading segments without any significant transform faulting. They are dis- 
continuities (second-order) dividing the spreading centre into segments at in- 
tervals of 10 to 100 km. They represent significant descriptors of the tectonic 
processes along the MAR (Grindlay et al. 1991 and 1992; Sempéré et al. 1993; 
Gracia et al. 2000). 


Investigation of the bathymetry shows that the width of the axial rift 
valley, i.e. the distance between the rift walls, ranges in average from 
5 to 15 km. The axial valley often deviates at NTOs close to deep basins 
(2 3000-m depth). These basins usually lack recognisable structures or 
volcanic edifices, but are commonly bounded by large, dextral east-west 
trending transverse faults possibly accommodating the depth variation of 
the brittle/ductile boundary (Dauteuil & Brun, 1996). NTOs have limited 
lateral structural expression, but their off-axis trace remains visible from 
alternating sets of continuous ridge-parallel terrains and from structures 
that trend slightly obliquely to the spreading direction. The volcanic 
activity at these transitions appears to be very restricted, and the impor- 
tance of such zones for hydrothermal venting remains to be shown. 

In the south-western part of the ridge, segments and transitions are 
difficult to identify because of irregular and complex bathymetric pat- 
terns associated with abnormally abundant volcanic activity, as well 
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as to curved tectonic structures. The melting anomaly associates with 
more-shallow and smooth terrains as a result of the southward, hotspot 
interaction (Talwani & Eldholm, 1977; Vogt et al., 1981), whereas the 
curved structures respond to oblique extensions. In contrast, the 
northernmost Mohns-Knipovich Ridge Bend consists of a more sym- 
metric ridge segments expressing a rough topography at the higher 
western side compared to the sediment-covered eastern flank, where 
only a few basement ridges are exposed. Along the overall ridge, the 
western flanks are, on average, 200 m higher than the opposite side, 
due to higher tectonic activity; their edges may sometimes correspond 
to rotated and uplifted fault blocks forming downward curved ridge 
flanks that are usually attributed to low-angle detachment surfaces 
(Smith et al., 2008). 

Apart from the anomalous segment adjacent to Jan Mayen, most of 
Mohns Ridge has a well-developed rift valley with average depths of 2000- 
3200 m. In the north-east direction, a general drawdown of the inner 
rift-valley floor and the flange highs are noticed. The western flank is about 
500 m higher than the eastern one. Hence, at the western flank, the tec- 
tonic deformations should be much higher compared to the eastern one. 


Grabens are suppressions in the terrain or the ocean floor, caused by (normal) 
faulting in an extensional tectonic environment where the central part of the 


suppression sinks in compared to the flanks. 


The morphology of the axial volcanic rises varies considerably, which 
may clearly be expressed by 400-800 m high axial rises. These rises are 
sometimes strongly deformed by grabens. There is an unusual abundance 
of large, flat-topped central-type volcanoes associated with different mor- 
phostructural settings in the valley floor and at its eastern flank. 

The strike of the valley reaches 60 degrees, though the majority of 
its segments are separated by the right-slip offset and oriented at 40-50 
degrees. The amplitude of its lateral offsets reaches 5 to 7 km in the north- 
ern part of the ridge, 8 to 15 km in the central part, and is rather irregular 
at the south where individual segments are often difficult to identify. In 
total, 15 spreading segments, with an average length of about 30 km, are 
recognised along Mohns Ridge. 
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2.2 Formation of seabed massive 
sulphide (SMS) deposits 


Globally, there are some 64,000 km of mid-ocean ridges (MORs) where 
SMS deposits occur and, most of the time, these are outside the jurisdic- 
tion of national exclusive economic zones (EEZs). However, within the 
Norwegian extended continental shelf, the SMS deposits are formed at 
mid-ocean on the Mohns and Knipovitch Ridges, where Norway regu- 
lates exploration and potential mining of SMS deposits. Because of the 
extensional nature of MORs, melting due to pressure decreases produces 
mafic magmas that form new oceanic crust. The process involves crack 
propagation, where cold seawater flows in and hot, mineral-rich seawater 
flows out, creating chimney-like structures and plumes known as black 
smokers. Some of these cracks may extend thousands of metres into the 
lower crust. See Figure 2-5. 


Focused discharge 


Basalt 


Leaching Leaching 


Magmatic intrusion 
(1200°C) 


Figure 2-5 Formation of seabed massive sulphide deposits. A diagram depicting a 
mid-ocean ridge and hydrothermal circulation. Click here for larger image. 


Conventional models of hydrothermal systems comprise sub-sea floor 
seawater circulations driven by a heat source, where seawater migrates 
downward through cracks and reacts with crustal or upper mantle rocks 
at several kilometres depth. During this process, seawater can be heated to 
temperatures of 400-500C, high enough to modify its physical properties 
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and will eventually find its way upwards through features facilitating 
hydrothermal flow. This downward-upward convection scheme involves 
leaching of metals from the surrounding rock via chemical reactions. Cor- 
respondingly, the heated seawater evolves to a fluid more acidic, reduced 
and enriched in dissolved metals and sulphur. When these hydrothermal 
fluids rise to the sea floor, it expels most of its metal content in the water 
column through chimney-like structures (black smokers). A part of these 
components remains in the upper part of the sub-sea floor where metals 
precipitate into metal sulphides from conductive cooling and mixing of 
hot hydrothermal fluids with cold seawater. From these processes, metals 
of economic interest accumulate on the sea floor and underneath by min- 
eralisation of the rock basement, which results in forming SMS deposits 
that contain significant amounts of sulphide minerals (e.g. Robb, 2004). 
These deposits may be comparable to or larger than some deposits on 
land (e.g. Scott, 2004). 

SMS occurrences in the deep sea may occur at different tectonic set- 
tings like the mid-ocean ridges (MORs). Presently, all the known vents 
on slow or ultra-slow spreading centres, like the Mohns and Knipovitch 
Ridges, are distributed in various geologic settings; both magmatic and 
tectonic-dominated settings. The former are directly controlled by axial 
volcanic structures controlled by the presence of a high-temperature 
magma under the seabed. The latter are usually located at the more-or-less 
remote flankes of the rift valley, mainly in the areas of the development of 
large offset detachment faults forming structures called core complexes. 
In this setting, deep penetrating faults represent the dominant geological 
controlling process on hydrothermal circulations, and can, under certain 
circumstances, associate with underlying magmatic processes. 


2.3 Factors controlling the location 
and the size of SMS deposits 


Both volcanic and non-volcanic tectonic activity is usually long-lived at 
slow to ultra-slow mid-ocean ridges. This provides stability for hydro- 
thermal systems (Hannington et al., 2005; Rona, 2008). The estimated 


frequency of venting sites along the mid-ocean ridges varies from 1 to 
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every 400 km to 3 per 100 km (e.g. Baker & German, 2004; Hannington 
et al., 2010, 2011b). Faults play a vital role, both in charging and discharg- 
ing hydrothermal systems, by acting as fluid conduits. Hydrothermal 
manifestations may, therefore, occur on structural highs many kilome- 
tres off-axis. The Snake Pit hydrothermal field occurs at a neo-volcanic 
ridge (Fouquet et al., 1993), and the TAG field is situated approximately 3 
kilometres from the axis (Rona et al., 1993; Kleinrock et al., 1996). Hydro- 
thermal systems can be driven by both serpentinisation and magmatic 
processes. These could act in combination, as in the Rainbow (Fouquet 
et al., 1997) and Logatchev fields (Mozgova et al., 2005). Slow-spreading 
ridges are structurally complex, showing evidence of tectonic extensions, 
large amounts of faulting (both detachment faulting and normal fault- 
ing) and exposure of gabbros and partly serpentinised ultramafic rocks 
in oceanic core complexes (Smith et al., 2008). 


2.4 Loki's Castle and Mohns' 
Treasure venting sites 


Loki’s Castle is a hydrothermal vent field at the ultra-slow-spreading 
Arctic Mid-Ocean Ridge (Baumberger et al., 2010; Pedersen et al., 20104, 
2010b). The hydrothermal fluids show indications of having leached both 
sediments and mafic rocks in the ocean crust for metals. See below and 
Baumberger et al. (2010). 

The ore-bearing vent, named Loki’s Castle, is located at 73°30' N., 
8° E. It lies on an axial volcanic ridge formed by young pillow lavas. The 
chimneys are up to 11 m high and show a maximum temperature of the 
fluids of 317° C. The content of CH4 and H2 is interpreted to indicate 
the presence of ultramafic rocks at depth (Pedersen et al., 2010b). The 
geochemical properties are similar to those of the Middle Valley and the 
Endeavour Ridge in the Pacific Ocean. 

Loki’s Castle is partly overlapped by a sediment cover. The region fea- 
tures high tectonic stress - a combination of fault disturbance and dom- 
ical rises providing potential channels for the fluids at the formation of 
Loki’s Castle. 


34 


GEOLOGICAL BACKGROUND 


Samples collected show a maximum metal content for Fe at 31wt%, for 
Zn at 5.4wt% and for Cu >1wt%, and the sediments contain non-insignif- 
icant amounts of metals and average 4.6 wt% Fe, 100 ppm Zn and 33 ppm 
Cu (Pedersen et al., 2010b). 
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Figure 2-6 Active fields, sulphide occurrences and plumes along Mohns and Knipovich 
Ridges. MR = Mohns Ridge, KnR = Knipovich Ridge. Source: NTNU / Cyril Juliani. 
Click here for larger image. 


75°N. Plume with anomalies of LS, CH4, pH and ATP (Tamaki et al., 2001). 
76°48’N. Water-column temperature anomaly near north flank of submarine vol- 
cano (Sundvor, 1997). 

7. 77°40’N. High CH4 and He-3 ratios observed. Potential occurrence of serpentinisa- 
tion reactions (Connelly et al., 2002). 


1. Jan Mayen (Troll Wall, Soria Moria) 
2. Copper Hill 

3. Mohns’ Treasure 

4. Loki’s Castle 

5: 

6. 
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Baumberger et al. (2010) have investigated the chemical composition and 
the stable and radiogenic isotopes of the vent fluids exhaleded from the 
Loki’s Castle vents and quantified the associated signatures. These signa- 
tures are compared to both sediment-influenced and sediment-starved 
systems. A pH of approximately 5.5 and relatively high concentrations 
of methane, hydrogen and ammonia are reported. Based on their study, 
they emphasise the sedimentary contribution. 


2.5 Copper Hill and Ægir Vent Fields and 
Troll Wall and Soria Moria venting sites 


Detailed descriptions of all vent sites except the Ægir vent site can be 
found in Pedersen et al. (2010b). 

At 72.32 degrees north, 2.10 degrees east, in the north-western part 
of the rift valley is a mineralised vent zone called Copper Hill, located 
at the depth of 900 m (Pedersen et al., 2010b). The samples are shown 
by highly-mineralised breccias. The main mineral is quartz (more than 
50%). Sulphides (mainly chalcopyrite) make up around 30% of the total 
bulk volume. The minerals are altered. It is accompanied by iron oxides 
and malachite. The temperature of formation ranges from 270° C to 330° 
C (Cherkashov et al., 2013). 

In 2015, the Ægir Vent Field was discovered on a volcanic ridge close to 
Copper Hill, at 2200 metres water depth. This vent field is reported to be 
comparable to Loki’s Castle (Olsen et al., 2016). 

Two vents at 71° north are located 5 km from each other in the utmost- 
south section of Mohns Ridge.. In terms of depth, it is the shallowest 
section and its most elevated points reach 500 m. Seismic surveys have 
shown that the crust is 10 km thick. The major volcanic structure associ- 
ated with the Troll Wall is a volcano with a 5 km caldera built on glacio- 
clastites. A rift 150 m deep and 2 km wide transects the volcanic structure. 
The zone of venting is associated with the fracture of the eastern board 
of the rift. Deposits enriched in iron have been recorded here. The active 
part of the fracture is 1 km long. The vent consists of ten chimney struc- 
tures 5-10 m high. The chimneys are distributed on the slopes of mounds 
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of hydrothermal origin, and are emitting white smoke and CO2. The 
chimney material is composed of anhydrite, barite, sphalerite and pyrite. 
Around the focused sources, through the piles of blocks, diffused outflow 
of hydrothermal fluids can be seen. They are associated with bacterial 
mats, and the temperature of underlying sediments is 80°C (Cherkashov 
et al., 2013). 

Soria Moria lies south of the Troll Wall, on the top of a volcanic edifice 
at a depth of 700 m below sea-level. The venting area is about 7 km’. Two 
venting sites 100-200 metres in diameter each can be seen. The hydro- 
thermal deposits overlap lava flows. The smokers are of two types: white 
smokers are represented by multiple sulphurised chimneys 8-9 metres 
high. The others are transparent smokers of lower temperature. They are 
built of barite and silica with a small part of pyrite, sphalerite and galena. 
The chimneys are 10 m high and 15-20 m wide. The walls of the white 
smoker chimneys are covered with bacterial mats. 

Both fields at 71° north feature high-temperature venting (270° C), a pH 
ranging from 4.1 to 5.2, and emissions of methane and CO2. 
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Play Analysis and 3-part 
Assessment 


3.1 How undiscovered resources are estimated 


The SMS resource assessment project on the Norwegian Continental Shelf 
estimates undiscovered resources with the aid of a method known as play 
analysis. This is a recognised approach, mostly used by the petroleum 
sector (NPD, 2013), but equally applicable to the mining sector (Juliani & 
Ellefmo, 2018b). Similar methodologies have been applied to assess mine- 
ral resource potential worldwide and in the USA for different commodi- 
ties (Singer et al., 2010) as well as for oceanic seabed resources (Singer, 
2014). The assessment process applied herein involves systematising and 
describing the SMS metallogenesis on the Mid-Atlantic Ridge, with addi- 
tional information from appropriate ancient massive sulphide analogues. 
Play analysis shares many similarities with 3-part assessment (Singer et 
al., 2010). Five basic questions are addressed: 


e Where and what represents the permissive tracts (favourable areas) 
for potential hydrothermal SMS resources? 
- The answer to this question includes a georeferenced region 
attributed an area in square kilometres. 
e What are the chances that hydrothermal SMS resources exist inside 
the permissive tracts? 
- The answer to this question is a probability from 0 to 1 or 0 to 
100%. 
e If hydrothermal SMS resources exist and extensive exploration is 
performed, how many future accumulations will be found? 
- ‘The answer to this question is basically a number. The number 
presupposes that the tract actually contains accumulations. 
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e What is the expected size distribution of future accumulations? 

- The answer to this question is the quantification of the min., 
max. and expected accumulation tonnage, including an 
assumption on the shape of the distribution. 

e What types of metals and what grades will the future accumula- 
tions have? 

- ‘The answer to this question is the naming of what elements 
and metals that are expected to be found and their grade 
distributions. 


The SMS resources from both Mohns and Knipovitch Ridges are in this 
study regarded as coming from the same super-play. Each favourability 
area outlined in Chapter 4 will accordingly be modelled as a sub-play of 
the ridge super-play. Estimated resources are more uncertain the less is 
known about the SMS mineralisation process, and this project specifies 
accordingly resources with an uncertainty range. A probabilistic frame- 
work is chosen (GeoX, 2014) that can be used to estimate the amount of 
metals which could be proven and potentially produced from each sub- 
play given a deposit-modelling approach (Sinding-Larsen & Vokes, 1978). 
In this early assessment, the focus has been on aggregate contained metals 
rather than on grades and tonnages of individual SMS accumulations. 


A play is a geographically and stratigraphically delimited area where a specific 
set of geological factors, such as recipient volumes, source rocks, leaching and 


hydrothermal flow paths, are present so that SMS deposits may be provable. 


The project’s estimate for undiscovered resources on the 1500 km MAR 
inside the extended continental shelf for Norway includes only the 1030 
km of the ridge that has been interpreted by VNII Okeangeologia (Cher- 
kashov et al., 2013). A small part of international sea floor intersects the 
assessment area on central Mohns Ridge, but without consequences for 
the assessment results in this study. 

A permissive tract (Singer, 2010) is used in this work as a play. 

Seventeen separate SMS sub-plays are defined along the ridges, based 
on morphostructural and geodynamical indicators. The plays encompass 
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both the favourability areas that are outlined by the four morpho-fa- 
vourable areas (MF-areas) on Knipovitch Ridge and the twelve mor- 
pho-favourable areas on Mohns Ridge, as well as the eight hydrothermal 
favourability areas (HF-areas) defined by discharged and stressed areas 
along the ridges (Cherkashov et al., 2013). 

A play probability factor is a factor that needs to be present and effec- 
tive in order for an accumulation to form. The two play probability fac- 
tors (permissive tract probability factors) considered here are factors that 
combine the probability of having a metal and an energy source and 
effective migration of metal-laden hot fluids, and an effective precipita- 
tion and preservation of minerals and metals in or on the ocean floor: 


1. The presence ofan adequate source for metals, derived from the oce- 
anic basement where a seawater hydrothermal convection system 
(migration) above a sub-axial magma chamber is capable of leach- 
ing elements such as Cu, Zn, together with Au, Ag from the crust. 
2. The presence of adequate recipient volumes that could accommo- 
date the precipitation and accumulation of sulphide concentrations, 
either on 
- neo-volcanic elevations within rift structures, associated with 
high-amplitude flank faults, e.g. axial volcanic ridges (AVRs) 

- inthe central part of the central-type volcanoes 

- at the edges of the axial valley where angular relief blocks can 
be seen 

- on flattened sub-horizontal terrace-like steps, or 

- outside the spreading ridge flanks or between the upper rim 
and the toes of rift mountains with a large elevation contrast. 


A confirmed SMS sub-play is characterised by the presence of at least one 
black smoker. Such a sub-play would have a play probability of 1, both for the 
adequacy of factor 1 as well as for factor 2. If the presence of black smokers 
has not been confirmed, the SMS sub-play remains unconfirmed. Since the 
sub-plays have been defined based on morphostructural elements referred 
to in adequacy factor 2, the confirmation of the SMS sub-play is associated 
with ensuring that the play probability for adequacy factor 1 is fulfilled. 
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The individual SMS probabilities at the local scale, given that the play 
is confirmed, are controlled by the following three principal conditions 
for the local presence of a potentially-producible massive sulphide accu- 
mulation within the SMS sub-play: 


1. ...that a potentially black smoker with a given minimum tonnage 
will be found if the sub-play is thoroughly explored, i.e. the exis- 
tence of a local manifestation of hydrothermal activity 

2. ...that the hydrothermal activity indicates the presence of polyme- 
tallic sulphides (i.e. a black smoker) 

3. ...that the potential SMS accumulation at least has a tonnage and 
grade that corresponds to the defined minimum values. 


3.2 SMS accumulation; deposit density 
and size (tonnage) and grades 


The local existence of vent fields that may host a SMS accumulation is a 
fundamental component of a SMS play analysis. The number of vent fields 
and the amount of metals each of them could produce determines the 
estimated resources for each SMS sub-play. The estimation of the number 
of vent fields with hydrothermal manifestations in a sub-play therefore 
requires an unambiguous definition of what constitutes a “SMS accumu- 
lation’. Unfortunately, as stated by Hannington et al. (20114), descriptions 
of SMS accumulations in literature have included everything from a sin- 
gle vent or chimney to a large mound or cluster of vent complexes. It is, 
therefore, important to ensure consistency between the distribution of 
sizes and the density of accumulations (Singer, 2014). The well-mapped 
Troodos massive in Cyprus has, for this reason, been chosen as an ana- 
logue for the mineralisation on the slow-spreading Mohns and Knipov- 
ich Ridges. Compelling arguments that the Troodos ophiolite is a valid 
analogue for MAR have been advanced (Granot et al., 2011), where it has 
been demonstrated how the Troodos ophiolite can unveil the process of 
gabbroic intrusions along a slow-spreading ridge. 
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In this study, information from the Cyprus analogue (Singer & Mosier, 
1986), from MAR deposits (e.g. Fouquet et al., 2010 and Cherkashev et al., 
2013) and global grades for MOR (Hannington, 2013a, 2013b) have been 
used to model vent SMS field sizes and metal contents. All sub-plays have 
been modelled with the same tonnage and grade distribution, due to a lack 
of information that could be used to differentiate between the sub-plays. 
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Definition and Description 
of Permissive Tracts in 
the Absence of Data 


4.1 Definition of permissive tracts 


4.1.1 Introduction 


This sub-chapter introduces rock mechanics and describes briefly how 
this is used in this study in geodynamic analyses, to highlight de-stressed 
zones prone to show hydrothermal manifestations. It continues with the 
basis for the morphostructural analysis and its link to deposit probabil- 
ities. Sub-chapters 4.1.3 and 4.1.4 describe the different permissive tracts 
that have been defined based on both geodynamical and morphostruc- 
tural analysis. Details of the 17 sub-plays are provided in Sub-chapter 4.2. 
The identification of zones favourable for hydrothermal vent activity is 
based on the following indicators: 


a. tensional structures (purple dotted line in Figure 4-12 and Figure 
5-13) in the stress distribution maps associated with the highest 
gradient (black line in Figure 4-12 and Figure 4-13) 

b. locations where the tangential stress acting on any fracture, fissure 
or discontinuity in the upper layer (see Sub-chapter 4.1.3) is close 
to zero (yellow line in Figure 4-12 and Figure 4-13. Area where a) 
and b) coincide is marked with a red line / red area in the figures.) 

c. overlap between points described in a) and b) above and morpho- 
structural hydrothermal indicators, like axial volcanic ridges with 
graben structures, structures associated to detachment faults and 
ocean core complexes, longitudinal faults, transversal dislocations 


and large flat-top volcanoes. 
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Delineation of the most prospective areas for finding SMS, based on the 
geodynamical analysis, are outlined as white boxes in Figure 4-12 and 
Figure 4-13 . Prospective areas outlined based on the morphostructural 
analysis are shown in Figure 4-16 and Figure 4-17 with yellow dotted 
lines. These yellow dotted lines have formed the basis for the definitions 
of the permissive tracts. 


41.2 Introduction to rock mechanics 

The term mechanics means the study of the equilibrium and motion of 
bodies, which includes static and dynamic forces. Modern rock mechan- 
ics deals mainly with engineering application of a rock mass to civil, 
mining, petroleum and environmental engineering (Harrison & Hud- 
son, 2000). However, the Earth’s dynamic body can also be related to rock 
mechanic principles, because there is a considerable influence on rock 
mechanic principles by natural processes that occur in the Earth’s crust. 
This comes from plate tectonic movement, resulting in folding, faulting, 
spreading and mountain-building processes as indicated in Figure 4-1. 


a) Collision of continental plates forming the mountain range 


——_—— 


b) Collision of continental & oceanic plates, 
and subduction forming the mountain range 


——— — 


c) Sea floor spreading forming mid-ocean ridges 


Figure 4-1 Conceptual mechanism of plate movement in the Earth’s crust (Panthi, 
2016). Click here for larger image. 
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Therefore, rock mechanics is a discipline that deals with forces that influ- 
ence or change stress and strain environments in the rock mass. As seen 
in Figure 4-1, there are three main dynamic processes that are active in 
the Earth’s crust: 


a. mountain ranges are formed due to the collision of two continental 
plates of similar density, such as the Caledonides Mountain Range 
in Scandinavia 

b. mountain ranges are formed due to the collision of continental and 
oceanic plates and subduction of the oceanic plate beneath the con- 
tinental plate 

c. formation of mid-ocean ridges due to sea floor spreading, a ten- 
sional environment where tangential stresses close to zero can be 
found 


These dynamic processes influence the rock mass of the surrounding 
areas of collision, subduction and spreading considerably. These influ- 
ences may be explained by the orientation of in-situ stresses in the vicinity 
of concern (Figure 4-2). These are mainly related to the dynamic tectonic 
movement of the Earth’s plates. According to Panthi (2012), the magni- 
tudes of total tectonic horizontal stress vary considerably and depend 
upon geographical location, geological environment (homogeneity in the 
rock mass), and distance from the main tectonic fault systems. 


(a) Strike-slip Fault (b) Normal Fault (c) Reverse or thrust Fault 


Figure 4-2 Anderson's classification of faults (in Panthi, 2006; modified from 
Braathen & Gabrielsen, 2000; and Rowland & Duebendorfer, 1994 . Illustration 
© K. K. Panthi; no reuse without permission). Click here for larger image. 
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In the course of the formation of mid-ocean ridges, many splays of 
long discontinuities (fracture systems) are formed, following the prin- 
ciple of the strike-slip faulting system (Figure 4-2a) caused by sea floor 
spreading, where major principle stress (01) and minor principle stress 
(03) are where the horizontal and the tangential stresses are close to zero. 
Figure 4-3 shows tectonic stress orientations worldwide. 


Figure 4-3 World Stress Map showing tectonic stress orientation and indicating plate 
division (Source: Heidbach, O., et al. (2018). The World Stress Map database release 
2016: Crustal stress pattern across scales. Tectonophysics, 744, 484-498. http://doi. 
org/10.1016/j.tecto.2018.07.007). Click here for larger image. 


This principle can be used to detect the areas that are prone to contain 
valuable minerals connected to sea floor massive sulphide deposits in the 
mid-oceanic ridge region. This chapter deals with assessing the possibili- 
ties for such anomalies along the Arctic Mid-Ocean Ridge (AMOR). 

The tectonic stresses may be related to the current tectonic activities 
caused by the movement of tectonic plates. On one occasion, the rock 
mass may be strong enough to sustain these movements without any fail- 
ure in the rock mass, leading to the storage of a considerable amount of 
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in-situ tectonic stresses. On other occasions, the rock mass may become 
completely fractured, crumbled and folded, leading to a de-stressing sit- 
uation. This is the reason why many regions in the world, where tectonic 
plates are in a state of limiting equilibrium due to strong rock mass, have 
high horizontal stress magnitudes, like in Scandinavia. 

All three processes, shown in Figure 4-1, contribute to the overall stress 
state at a given point in a rock mass. In addition, other factors can alter the 
stress state, such as erosion, which will reduce the vertical stress component 
more than the horizontal components. Furthermore, in a condition where 
tangential stresses have magnitudes close to zero, a tensional environment 
will be created causing fractures at all scales and a typical de-stressed field. 

Similarly, the concept of strain needs to be understood, so that rock mass 
deformation can be quantified. There are many applications of strain analy- 
sis. For example, some in-situ stress determination techniques measure strain 
and then compute the stresses. Therefore, it is necessary to be able to analyze 
the strain values so that the understanding of the anticipated deformation in 
rock masses can be understood. Strain is a measure of the deformation of a 
body and should be taken as being the same type of mathematical quantity 
as the stress. These strains, therefore, may be either normal strains or shear 
strains, which are directly analogous to normal stresses and shear stresses. 
Mathematically, they are linked through Hook’s Law (Hudson, 2000). 


41.3 Geodynamic analysis 
Deformation modelling can be conducted to identify stressed areas of 
the crust where hydrothermal fluids may be discharged. The magnitude 
of stresses is calculated by geo-hydro-mechanical modelling. Such mod- 
elling helps to establish criteria correlating stressed zones of hydrother- 
mal activity in the crust, which represent areas of tension, compression 
and discharge. The final aim of such modelling is to predict areas which 
potentially contain SMS deposits. 

The mathematical framework follows Ludwig Prandtl’s theoretical for- 
mulation of interface hydrodynamics (introduced by Prandtl, 1904), which 
states that the optimal channel configuration for fluid flow is circular and 


occurs at areas where tangential stress is zero (t, =o), see Figure 4-4. 


47 


CHAPTER 4 


Sy 
— ay, - 


(t0) 


(t,<0) 


S9(t,=0) > S,(t,40) 
Figure 4-4 The influence of tangential stress q, on the cross section of a fluid flowing chan- 


nel. Top: tension; Middle: Discharge; Bottom: Compression . Click here for larger image. 


Thus, the search for the hydrothermal areas with the most vigorous dis- 
charge of multi-phase fluid involves defining areas of the sea floor (Figure 
4-1) where tangential stresses in the upper layer are near zero (Figure 4-5). 
In the model, the real sea floor relief is approximated by a double-layer 
structure, consisting of an elastic (upper) and a plastically deformable 
(lower) layer. Under the weight of the upper layer, the lower layer suf- 
fers plastic deformation where stress magnitude is directly related to the 
accumulated overlaying mass (Figure 4-5). 


Figure 4-5 Double-layer structure, consisting of an elastic (upper, 1) and a deform- 


able (lower, 2) layer. Click here for larger image. 
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The mechanical properties, consisting of modulus of elasticity, Poisson’s 
ratio, specific weight of the model, are estimated based on the properties 
of a5 kilometer (Klingenhéfer et al., 2000) thick oceanic crust, composed 
of tholeiitic basalts similar to those that Iceland is built up of. These are 
considered typical for the areas of the Arctic Mid-Ocean Ridge (AMOR). 
The assumption made is that the properties of this 5 kilometer stretch of 
basalt represent the average properties of the AMOR crust. Considering 
the complex physical structure of the oceanic crust, with basalts, sheeted 
dykes, gabbros and ultramafic rocks, this represents a simplification. 

The real depth of the elastic layer is dependent on the thermal state of 
the crust. Young and warm crust is thinner than old and cold crust (e.g. 
Klingenhofer et al., 2000). This has not been taken into account in the 
model developed here. 

The AMOR contains a major fault system and has considerable influ- 
ence on the surrounding area, where numerous faults have been and are 
being developed. These faults represent de-stressed areas, where com- 
pressional horizontal stresses caused by far-field stress are close to zero. 
Hence, only the horizontal compressional stress caused by gravity alone 
is relevant in the analysis. 

In the model, the elastic layer is represented as an elastic membrane 
deflected on rods, with lengths and positions defined by the coordinates 
(x, y and z) at the point of contact between the rod and the membrane 
(Figure 4-6). The length is given by the z-coordinate. The coordinates are 
taken from the bathymetric data with a grid size of 100 x 100metres. 


Figure 4-6 The simplified two-layered model of the Earth's crust used as a basis for 


the tangential-stress estimations. Click here for larger image. 


49 


CHAPTER 4 


The stress distribution in this model is calculated using the Finite Ele- 
ment Method (FEM). The idea of FEM is to model a continuum by dis- 
cretizing into finite elements or small areas where the solutions can be 
reduced to a system of algebraic equations. This is indicated in Figure 4-7. 


A 
I 


Figure 4-7 Discretisation of a finite element network; ‘a’ is the finite element, one of 


the small areas that build the model of Mohns Ridge. Click here for larger image. 


In the modelling phase, the stress and displacement fields are modelled 
inside every finite element that builds the model. 

Figure 4-8 below shows a 3D display of the deflection function used in 
the calculations. This is compared to the 3D bathymetric display of the 
same area in Figure 4-9. This similarity shows that the deflection matrix 
achieved by the FEM analyses compares quite well with the actual relief 
of the area under study, and confirms the strong link between the relief 
and the calculated crustal stresses using the chosen model of a 5 kilome- 
ter thick load. 
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Figure 4-8 Relief of the deflection function. Figure 4-9 Multibeam relief. 
Click here for larger image. Click here for larger image. 


Knowing the deflection matrix, it is possible to define the inner forces 
acting within the plate and estimate the stresses. 

Tests have demonstrated that the zero tangential stress isoline (t= o) 
corresponds well with known active hydrothermal areas. Further tests have 
shown that relict and low-active hydrothermal manifestations are bound 
to the tensional areas where tangential stresses are larger than zero (t> 0) 
(Petukhov et al., 2004, 2010 and 2012, and Aleksandrov et al., 2009, in Cher- 


kashov et al., 2013). See Figure 4-10. 


ACTIV 
Ashadze 1 


(<0) a 


ACTIV 
Logatchev1 


(t,>0) 


Logatchevl 
Logatehey # 
Logatchev 2 


HE “discharge” zone (t, =0) 


Figure 4-10 Models of tangential stress distribution MAR sections (Petukhov et al., 
2004, 2010 and 2012, and Aleksandrov et al., 2009, in Cherkashov et al., 2013 . Illus- 
tration reproduced by permission; no reuse without rightsholder permission.). 

a) Ashadze, b) TAG, c) Logatchev. The active fields are marked by a red star. 

Click here for larger image. 
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The results presented for Ashadze, TAG and Logatchev in Figure 4-10 are cru- 
cial for the analysis of the deflection matrix and its interpretation. The results 
of calculating the tangential stresses in Mohns Ridge are shown in Figure 4-11. 


Figure 4-11 The distribution of tangential stress at the plate surface along Mohns 
Ridge. Yellow line is the zero stress isoline. Red dots are known hydrothermal mani- 
festations (inactive and active) along Mohns Ridge (see Pedersen et al., 2010b). Click 
here for larger image. 


A line with zero tangential stress can be plotted on the bathymetric map (yel- 
low line in Figure 4-12 and Figure 4-13) that marks zones of possible discharge 
where stress changes from tension to compression. It is hypothesised that these 
zones are favourable to the presence of hydrothermal vents and match with 
the known hydrothermal sites along the Knipovich and Mohns Ridges shown 
in Figure 4-11, Figure 4-12, Figure 4-13, Figure 4-16 and Figure 4-17. Red lines 
in these figures indicate zones with a high concentration of favourable indica- 
tors for hydrothermal manifestation from the geodynamical analysis. 
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Figure 4-12 Areas most promising for finding SMS along the Knipovich Ridge, based 
on the geodynamic analysis. Areas having a concentration of prospective zones are 
shown as white boxes. These three areas (white box outline) and sub-areas have 
been modelled and named as separate plays in the play-database. Red lines indicate 
particularly promising areas, where the tensional structures can be found in close 
proximity to discharge zones and high gradients. Click here for larger image. 
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Figure 4-13 Areas most promising for finding SMS along Mohns Ridge, based on the 
geodynamical analysis. Areas having a concentration of prospective zones are shown 
as white boxes. These five areas (white box outline) and sub-areas have been mod- 
elled and named as separate plays in the play-database. Red lines indicate particu- 
larly promising areas, where the tensional structures can be found in close proximity 
to discharge zones and high gradients. Click here for larger image. 
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4.1.4 Morphostructural analysis 
4.1.4.1 Data and methodology 


Mohns Ridge 


Morphostructural analysis of Mohns Ridge was based on the bathymet- 
ric surveys carried out by Fugro-Geoteam for the Norwegian Petroleum 
Directorate (NPD) in 2000 and 2001. 

An original grid (100 x 100 m) was built using mean values of the pri- 
mary data, which allowed locating details of the relief. Several bathymet- 
ric charts at different scales were drawn. However, the lack of a sonar 
survey has limited the accuracy of interpretations. 

The morphostructural scheme of the axial zone of Mohns Ridge was 
drawn with the aim of determining tectonic and volcanic elements of the 
seabed structure, comprising both large and small tectonic and volcanic 
structures. Unfortunately, due to the absence of sonar images, it was not 
possible to differentiate between the seabed volcanic formations at the 
bottom of the valley by their age. However, it was possible to isolate struc- 
tures associated with the detachment faults and oceanic core complexes 
(OCC). 

Regarding the selection of promising areas for sulphide ore formation, 
general criteria were followed. All known vents on the ridges with slow or 
ultra-slow spreading are generally attributed to the axial or flank features 
(Krasnov et al., 1995). The former is directly controlled by the processes of 
axial volcanism. This could either be a thermal one, caused by the pres- 
ence of a high-temperature magmatic heat source at shallow depths under 
the seabed or by fluids accompanying volcanic outflows from a deep 
source. The latter, on the other hand, do not demonstrate any noticeable 
association with the volcanic processes, although an indirect association 
is implied and is located at remote flanks or edges of the rift valley, mainly 
in the areas of the development of serpentinised peridotites. 

In the majority of cases, the axial venting is concentrated at small gra- 
bens, which complicates apical surfaces of the axial volcanic ridges at 
their most elevated parts. The SMS deposits normally tend towards the 
areas of very young basalts in the zones of intersection of the longitudi- 
nal faults and the small transversal dislocations with the indications of 
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tectonic tension at areas with tangential stresses close to zero. Large, cen- 
tral-type volcanoes may also serve as ore-controlling structures. This is 
valid in cases where they are located in the central parts of the inner floor 
of the rift valley and areas where they lie at the toes of the magma-con- 
ducting marginal faults having tangential stresses close to zero. 

The flank SMS deposits are structurally controlled by zones of transec- 
tion of deep-seated longitudinal strike-slip faults, mainly the detachment 
faults, with crossing tectonic dislocations. These provide an additional 
possibility for lateral subsurface migration of magmatic and hydrother- 
mal fluids and, on some occasions, even for the melts far beyond the 
boundaries of the axial zone. In general, the ore-localising structures 
are represented by the flattened slopes, inter-ridge depressions and sad- 
dles. Recent research has proved that there exist quite high promises 
of ore-bearing OCC. This is especially the case when these are located 
immediately close to the axial zone (Cherkashov et al., 2013). One may 
notice that Mohns Ridge, from a morphostructural perspective, more or 
less meets the above-mentioned criteria. 

The areas are outlined in such a way that the most promising struc- 
tures are grouped together on the basis of the following: 


e the complex tectonic areas with volcanic ridges having the axial 
grabens. In particular, with the volcanic steps and links/bridges 
connecting the volcanic rises and slopes. 

e the structures spatially or generically associated with the detach- 
ment faults and OCC at the valley walls/slopes, especially areas 
where tensional environment exists due to close to zero tangential 
stresses. 

e the large central-type volcanoes with the flat tops and craters and 
the chains of such volcanoes along the crossing faults with close-to- 
zero tangential stress environment. 


Basically, the areas include axial and adjacent flank structures. However, 


in some cases, several remote flanks have also been included since their 
structures suggest the existence of extinct/relict vents. 
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Figure 4-14 shows the morphostructural elements along Mohns Ridge 
and Figure 4-16 show areas most promising for finding SMS deposits 
based on the morphostructural analysis. 


Knipovich Ridge 

Morphostructural analysis of the Knipovich Ridge axial zone has been 
made using the data from several bathymetric surveys. A summary 
bathymetric map has been drawn based on the original (R/V Haakon 
Mosby and R/V Polarstern data) and available (R/V Nikolai Strakhov 
data) grids. The general quality of the primary materials appeared to be 
poorer than that of Mohns Ridge, which limited the extent of details for 
interpretation. This drawback was partly compensated for by using side- 
scan sonar images (SEAMARC-II and ORETECH systems; (Crane et al., 
2001.), which allowed for the outlining of areas of volcanic activity over 
time, as well as the zones of recent tectonic activity in the northern part 
of the ridge. 

Echo-sounder survey data confirmed by video (Crane et al., 1995, 2001; 
Tamaki & Cherkashev, 2000) manifests that there have been recent vol- 
canic activities on the major part of Knipovich Ridge, excluding its two 
sections in the interval of 74 to 75 degrees north and north of 78 degrees. 
One may notice that both sections are more skewed to the theoretical 
axis of spreading, where an increase in sedimentary cover of up to 2 km 
is recorded. The ORETECH materials (Crane et al., 2001) demonstrate 
somewhat lower volcanism in the southern half of the ridge. As the sur- 
vey covered a relatively narrow strip (only 2 km) of the rift valley, this 
conclusion is uncertain. 

Generally, hydrothermal manifestations and associated sulphide accu- 
mulations at Knipovich Ridge may be associated with several areas of 
modern tectonic and volcanic activities in the zones of intersection of 
multi-directional faults and structural features where tangential stresses 
are close to zero. 

The morphostructural scheme of the Knipovich Ridge is based on the 
same principles and the same legend as that for the Mohns Ridge scheme. 
In addition, the northern half consists of fresh and older sheet and pillow 
lavas, as well as large elevated massifs at the flanks of the valley. 


57 


CHAPTER 4 


Figure 4-15 shows the morphostructural elements of the Knipovich 


Ridge and Figure 4-17 show areas most promising for finding SMS depos- 


its, based on the morphostructural analysis along Knipovich Ridge. 
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Figure 4-14 Morphostructural elements along Mohns Ridge. Click here for larger image. 
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Figure 4-15 Morphostructural elements along Knipovich Ridge. Click here for larger 


image. 
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Figure 4-16 Areas most promising for finding SMS along Mohns Ridge, based on the 


morphostructural analysis. Segments also indicated. Areas having a concentration of 


prospective zones are shown as yellow dotted shapes. Click here for larger image. 
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Figure 4-17 Areas most promising for finding SMS along the Knipovich Ridge, based 
on the morphostructural analysis. Areas having a concentration of prospective zones 
are shown as yellow dotted shapes. Click here for larger image. 
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4.2 Descriptions of single permissive tracts 
4.2.1 Introduction 


This sub-chapter contains a detailed description of the different permis- 
sive tracts that have been defined based on morphostructural and geo- 
dynamical analysis. Mohns Ridge has been segmented as shown in the 
previous sub-chapters. The descriptions are based on Cherkashov et al. 
(2013). The descriptions form the formal basis for the permissive tract 
characterisation in Chapter 6. 

In total, eight areas have been defined and delineated based on the geo- 
dynamic analysis along Knipovich (3) and Mohns Ridges (5). These are 
numbered and outlined in white rectangles in Figure 4-12 and Figure 
4-13 in the previous sub-chapter. From the morphostructural analysis, 16 
favourable areas (MS-areas) have been identified, and these are indicated 
by yellow dotted lines in Figures 4-14 and 4-15. The permissive tracts are 
geographically centred on these 16 areas and around the southernmost 
part of Mohns Ridge, containing the Soria Moria and Troll Wall vent 
fields. The size of respective tracts in square kilometres has been calcu- 
lated based on these yellow MS-areas. Favourable areas on Knipovich 
Ridge have been given these IDs: MS-K-area 1, MS-K-area 2 etc.; whereas 
favourable areas on Mohns Ridge have been given these IDs: MS-M-area 
1, MS-M-area 2 etc. 


4.2.2 Knipovich - permissive tract K1 and MS-K-area 1 

The MS-K-area 1 is about 80 km long and covers two spreading segments 
of the rift valley, including its adjacent flanks. See Figure 4-18. A large 
volcanic-tectonic ridge, 600 metres high, dominates the southern part of 
the segment. It crosses the southern end of the area at a small angle and 
joins the marginal faults forming the ridge axis flanks. The surface of the 
ridge is formed by young pillow lavas, and a central graben is seen at its 
most elevated part. The slopes are controlled by tectonic scarps, spatially 
and perhaps genetically associated with the high-amplitude faults (possi- 
ble detachment faults) of the valley walls. West of the axial ridge, a much 
smaller extinct volcanic ridge can be observed. 
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In its central part, the axial valley floor is largely covered with sedi- 


ments and the lavas are seen only on a very small volcanic rises and in a 


strip to the north. 
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Figure 4-18 Knipovich Ridge interest area 1. Yellow dotted line is the area defined 


in the morphostructural analysis. Figure a shows the morphostructural elements, 


whereas figure b shows the prospective areas identified by the geodynamic analysis 


outlined in red. Red hashtags in b indicate the location of heat-flow measurements 


between 200 and 300 mW/m?. Click here and here for larger image. 
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In the northern part of the area, there is also a large irregular volcanic 
rise with a relative height of 500 metres, with basalts of different ages. To 
the north of this rise, a cluster of central-type volcanoes, the largest being 
more than 3 kilometres in diameter, can be observed. An increased heat 
flow of up to 300 mW/m? is reported at two locations around 77048 N 
(Zayonchek et al., 2011 in Cherkashov et al., 2013). 

The walls of the rift valley are mainly controlled by the large faults that 
could be interpreted as detachment faults. Of particular interest is a large 
zone of transverse tectonic deformations of north-west strike, crossing 
the rift valley at latitudes corresponding to the central parts of the south- 
ern axial ridge. On the flanks of the valley, several very large, elevated 
massifs of complex and uncertain genesis are located. Two of these are 
partly included in the area under study. 
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Figure 4-19 Knipovich Ridge prospectivity of interest from the geodynamical analysis 
in Area 1. Click here for larger image. 
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Area 1 includes several promising sites (outlined in red in Figure 4-19). In 
one of them, a hydrothermal plume has been recorded at 77°40’ N (Beau- 
lieu, 2015). In area 1, an increased seafloor heat flow, of up to 300 mW/m’, 
at 77°48’ N has been recorded and reported (Zayonchek et al., 2011 in 
Cherkashov et al., 2013). 

By morphostructural analysis, the potential for finding SMS of an axial 
type is connected mainly with the central graben of the southern axial ridge 
and the volcanic cluster in the north. The location of the off-axial hydro- 
thermal manifestations that one may expect will primarily be near the 
junction between volcanic structures with marginal faults, as well as along 
the tectonic dislocation zones, including the slopes of large flange massifs. 


4.2.3 Knipovich - permissive tract K2 and MS-K-area 2 

The MS-K-area 2 includes a section of the rift valley about 65 km long 
inside two adjacent spreading segments. See Figure 4-20 and Figure 4-21. 
The structure plane of its southern half is defined by the 500 m linear vol- 
canic ridge, in many respects similar to the one described earlier, which 
at a small angle transects the inner bottom of the rift valley and merges 
with the marginal scarp of the western valley wall northwards of the zone 
of non-transform offset. According to the side-scan sonar data, the ridge 
has a multi-aged structure. The youngest part is practically uncovered by 
sediment. Basalts are found in the lower part of the eastern slope of the 
ridge and in the adjacent linear depression. 

In the central part, the most interesting aspect is a bathymetric rise 
located in the zone of the non-transform discontinuity; it is a 120 m trans- 
verse terrace of volcanic origin, and its surface consists of very young 
pillow and sheet basalts without any noticeable sedimentary overbur- 
den. The south-east slope of the terrace is controlled by a tectonic scarp 
parallel to the spreading axis, and at this toe, young lava breccia have 
developed. Observations from MIR submersible dives here showed a very 
dense net of fractures in three main directions (N = North, E=East) NoE 
— NioE degrees, N30E - N4oE degrees and N120E - Ni30E degrees. The 
other volcanic rises are relict structures. 
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Figure 4-20 Knipovich Ridge interest area 2. Yellow dotted 
line is the area defined in the morphostructural analysis. 
Figure a shows the morphostructural elements, whereas 
figure b shows the prospective areas identified by the geo- 
dynamic analysis outlined in red. Click here and here for 
larger image. 


Two 200 m central-type cratered volcanoes, 2 and 4 km in diameter, are 


located near the northern boundary. They are connected with the devel- 


opment of young sheet basalt lavas. 
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Figure 4-21 Knipovich Ridge prospectivity of interest from the geodynamical analysis 
in Area 2. Click here for larger image. 


The prospect of finding sulphide mineralisations of an axial type here is 
connected mainly with the central graben of the southern axial ridge and 
the volcanic cluster in the north, similar to that described for Area 1. The 
inner rift-valley walls are mostly associated with high-amplitude faults 
(detachment faults). 

Several promising areas have been found in Area 2 by the geodynamic 
analysis (indicated by red lines). All of them are discharged (indicated by 
the yellow line) and are situated near the high-gradient tension structures 
(indicated by black lines). See Figure 4-21. A plume has been detected in 
Area 2 at 76°48’ N (Beaulieu, 2015). This is located in the zone defined as a 
discharge zone (outlined in yellow). 

The most promising areas are the axial volcanic ridge, the volcanic ter- 
race, the valley slopes close to transverse tectonic disturbances, and in 
the zones of the junction between these transverse disturbances and the 
axial volcanic structures. See Figure 4-20. 
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4.2.4 Knipovich - permissive tract K3 and MS-K-area 3 


MS-k-area 3 includes a 20 km section of the rift valley, located in an area 


of minor non-transform offset, marked by a 400 m axial volcanic rise and 


several flat-topped volcanoes of the central type. See Figure 4-22. 


The tract is defined solely through the morphostructural analysis. 


Young basalts are widely spread in this area (see also Crane et al., 
2001). One may suppose, with a certain level of probability, that mod- 
ern or extinct vents may exist in the axial zone and neighbouring flanges 


associated with the detachment faults interpreted in the area (see green 


shaded areas in Figure 4-22a). 
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Figure 4-22 Knipovich Ridge permissive 
tract 3 from the morphostructural analy- 
sis. Figure a shows the morphostructural 
elements, whereas figure b shows the 
prospective areas identified by the geo- 
dynamic analysis, outlined in red. Click 
here and here for larger image. 
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4.2.5 Knipovich - permissive tract K4 and MS-K-area 4 
MS-k-area 4 is connected to Area 3 from the geodynamic analysis (see 
Figure 4-23). It contains promising sites. There are hydrothermal plumes 
at 74°48’ N and 74°53’ N (Beaulieu, 2015). Although the plume at 74°53’ N 
is not confirmed, the nearby station (8°30' E, 74°53’ N) has picked up a 
heat-flow measurement of 233 mW/m? (Zayonchek et al., 2010). Only the 
southernmost plume is shown in Figure 4-23. 

Both hydrothermal plumes are in the estimated zone of discharge 
(indicated by the yellow line). However, due to uncertainties both with 
regard to the source of the plume and the position of the estimated zone 
of discharge, nothing conclusive can be stated. In Area 3, promising spe- 
cific sites in addition to the plumes have been identified. They are located 
in the discharge zone close to the tension structure (western flank). 
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Figure 4-23 Knipovich Ridge prospectivity of interest area 3, defined by the geo- 
dynamical analysis. Orange triangle indicates the heat-flow anomaly. Click here for 
larger image. 
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Figure 4-24 Knipovich Ridge permissive tract 

4 from the morphostructural analysis. Figure a 
shows the morphostructural elements, whereas 
figure b shows the prospective areas identified 
by the geodynamic analysis, outlined in red. Click 
here and here for larger image. 


DEFINITION AND DESCRIPTION OF PERMISSIVE TRACTS IN THE ABSENCE OF DATA 


In the region at 75.45° N. along the Knipovich Ridge, an abnormal turbidity 
was recorded at depths of 2600-2650 metres, along a 2 km zone (Cherkashov 
et al., 2013). Increased contents of Mn and dissolved CH4 were observed. 
At the northern extremity, the anomaly is at a depth of 2850 metres, and 
at 2650-2700 metres at the southern extremity. One may suggest that the 
source of the plume anomalies lies further to the north, where outcrops of 
ultrabasic lithologies / rock types are likely, including serpentinites. 

Area 3 in Figure 4-23 overlaps partly with segment approximately 30 km 
long, with distinct rhomboid outlines. See Figure 4-24. These are bound 
by rather specific non-transform offsets, where an abrupt contraction of 
the inner floor occurs due to spatial convergence of the opposite scarps of 
the valley walls of the adjacent segments. A low (200 m) sub-meridional 
linear volcanic rise without a clear crest runs along the whole section, 
and contains multiple central-type volcanoes, the largest reaching 3 km 
in diameter. The axial peak seems to be a very young structure and its 
surface is partly overlapped with young sheet lavas (Crane et al., 2001). 

In the southern part of the section, the western rift valley wall rep- 
resents a system of small steps. The eastern wall contains a monolithich 
structure and a steep scarp. 

The promise of the area is associated with the high-amplitude flank 
faults. Of special interest is a narrow, high, probably tectonic ridge, which 
crosses the rift valley in the zone of non-transform offset in the north of 
the area. Also, the axial ridge volcanoes are of interest. 


4.2.6 Mohns - permissive tract M1 and MS-M-area 1 


Several promising areas have been identified by both geodynamical and 
morphostructural analysis, in and around interest area 4 from the geo- 
dynamical analysis. They are in the discharged condition and lie near the 
tension structures. These areas are promising for hydrothermal activity. 

Hydrothermal manifestations found earlier confirm the prospectiv- 
ity of permissive tract M1 / area 4 (Pedersen et al., 2010b). Loki’s Castle 
is located at 73°33’ N in the discharge zone (indicated by yellow lines in 
Figure 4-25). 
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Figure 4-25 Mohns Ridge prospectivity of interest area 4, defined by the geodynamical 
analysis. Loki’s Castle and Mohns’ Treasure are both close to the yellow discharge line. 
Click here for larger image. 


The second, Mohns’ Treasure, at 73°27’ N is also in the discharged zone, 
and lies near the high-gradient tension structure. See again Figure 4-25. 
Their locations coincide with the areas identified as ‘promising’ by the 
geodynamical analysis, which is an indication of the appropriateness of 
the approach to revealing areas of hydrothermal activity. 

MS-M-area M1 includes a section of the rift valley over 70 km long, hav- 
ing an almost complete set of morphostructural indicators for hydrother- 
mal mineralisation (faults, central volcanos, scarps, axial volcanic ridges, 
graben structures etc.). This area has been divided into three segments. 
See Figure 4-26b. The most promising are the axial volcanic ridges with 
the central grabens and the multiple flat-topped and cratered central-type 
volcanoes, the rift-valley wall structures defined by high-amplitude faults 
(in particular, detachment faults) and the oceanic core complexes defined 
based on their morphology characterised by break-away ridges and cor- 
rugated surfaces. Thus, in the north-east, beside the known vent site on 
the axial graben (Pedersen et al., 2010b), one may assume a high probabil- 
ity for recent venting in the area, with transverse volcanic terraces at the 
toe of the eastern marginal scarp of the rift valley. Of special interest, is 
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the western rift-valley wall in the middle and southern parts of the area, 
as well as a large central-type volcano at the foot of the eastern wall. 
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Figure 4-26 Mohns Ridge MS-M-area 1, close to interest area 4 defined by the geo- 
dynamical analysis. Figure a shows the morphostructural elements, whereas figure 
b shows the prospective areas identified by the geodynamic analysis, outlined in red. 
Click here and here for larger image. 


4.2.7 Mohns - permissive tract M2 and MS-M-area 2 


The MS-M-area 2 is in principal similar to the MS-M-area 1 described 
in the previous section. It includes a considerable part of segment IV, a 
rather high (700 m) axial volcanic ridge with the central graben in its 
most elevated part, and the western flank of the rift valley partly con- 


trolled by a detachment fault. See Figure 4-27a. 
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Figure 4-27 Mohns Ridge MS-M-area 2, southwest of interest area 4 defined by the 
geodynamical analysis. Figure a shows the morphostructural elements, whereas figure 
b shows the prospective areas identified by the geodynamic analysis, outlined in red. 
Click here and here for larger image. 


This tract is solely defined from the morphostructural indicators. No sig- 
nificant geodynamic indicators are apparent. 


4.2.8 Mohns - permissive tract M3 and MS-M-area 3 


MS-M-area 3 lies in the central part of segment VI. See Figure 4-28. Its 
special feature is a very large and apparently rather old, massive volca- 
no-tectonic ridge overlapping the eastern flank of the rift valley, and 
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linking with the structures of the western edge by a well-expressed trans- 
verse terrace. The promises for venting in this area are associated with 
the slopes of the western flank which, however, do not show many of the 
morphostructural indicators deemed necessary for hydrothermal mani- 
festations. In the axial ridge, according to the morphostructural indica- 
tors and the lack of geodynamical indications of active venting, a relict 
ore occurrence may be expected. 


Legend 


a) - Fo 


Inner rift valley floor 


Desps 


Axial volcanic highs 


Axial volcanic ridge crests 


iral-type volcanoes: a — flat-topped, b — cratered, 
cones 


Fault scarps of small (a) and medium (b) height 


Major Faults 


| Esearpments associated with detachment faults(?) 


Oceanie core complexes wi 
Off-axis ridge crests 


Narrow troughs and small grabens 


T Areas prospective for sulphide mineralization 
at morphostructural features 


b) 


LEGEND 


Indicators of hydrothermal 
activity 


@ sata aeponit 


Prospective areas predieted based on 
rody nament analyses 


Figure 4-28 Mohns Ridge MS-M-area 3, northeast of interest area 5 defined by the 
geodynamical analysis. Figure a shows the morphostructural elements whereas fig- 
ure b shows MS-M-area 3. No significant geodynamical indications are present. Click 
here and here for larger image. 


As with tract M2, this tract is solely defined from the morphostructural 
indicators. No significant geodynamic indicators are present. 
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4.2.9 Mohns - permissive tract M4 and MS-M-area 4 


The hydrothermal manifestation Copper Hill is in this area at 72°32' N 
(Pedersen et al., 2010b). Copper Hill is located in the discharged zone, 
and lies near the highest gradient tension structures (black outline in Fig- 
ure 4-29). See also Figure 4-30. Apart from the area connected to Copper 
Hill, there are two other areas with the same conditions that could be 
regarded as promising; indicated in Figure 4-29 by red outlines. 
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Figure 4-29 Mohns Ridge prospectivity of interest area 5, defined by the geodynami- 
cal analysis. Click here for larger image. 


MS-M-area 4 (see Figure 4-30) fully covers segment VII and the adja- 
cent zones of non-transform offsets of the rift valley, including the rather 
remote structures of its western flank. A funnel-like hole (crater?) in the 
depression, separating two (relict?) volcanic ridges is very noticeable in 
the axial zone. See Figure 4-30a. In the absence of an expressed volcanic 
rise, the presence of a crater may be indicative of a very shallow magma 
chamber (Vogt, 1974). The major prospects of this area are connected 
with the multiple, morphologically-attractive structures of the western 
flank, controlled by large faults. 
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Figure 4-30 Mohns Ridge MS-M-area 4 (permissive tract 4), in area 5 defined by 
the geodynamical analysis. Figure a shows the morphostructural elements, whereas 
figure b shows the prospective areas identified by the geodynamic analysis, outlined 
in red. Click here and here for larger image. 


4.210 Mohns - permissive tract M5 and MS-M-area 5 


MS-M-area 5 is located in the central part of segment VIII, with many 
features similar to the MS-M-area 3 (segment VI). It is characterised by a 
well-defined structure with corrugations trending parallel to the spread- 
ing direction and occurring on a broad and smooth surface (see Figure 
4-31a and b) of the western wall of the rift valley, making it comparable to 
a typical oceanic core complex. 
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Figure 4-31 Mohns Ridge permissive tract M5, between interest area 5 and 6 defined 
by the geodynamical analysis. Figure a shows the morphostructural elements, 
whereas figure b shows the prospective areas identified by the geodynamic analysis, 
outlined in red. Corrugated structure interpreted in the north-western part of the tract. 
Click here and here or larger image. 


No significant geodynamical anomalies are apparent in this tract, and it 
is solely defined based on the morphological analysis. 


4.2.11 Mohns - permissive tract M6 to M9 and MS-M- 


area 6-9 

Although no hydrothermal activity has been detected yet in this region, 
the results of the geodynamical analysis suggest that the area at the 
western flank of the ridge may be regarded as promising (the larger area 
within the red outline in Figure 4-32). 
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Figure 4-32 Mohns Ridge prospec- 
tivity of interest area 6, defined by 
the geodynamical analysis. Click 


here for larger image. 
Connected to interest area 6 there are four promising permissive tracts; 
permissive tracts 6, 7, 8 and 9. See Figure 4-33. These tracts are, in the 
following, described separately. 
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Figure 4-33 Mohns Ridge permissive tract M6 to Mg, connected to interest 

area 6 by the geodynamical analysis. Figure a shows the morphostructural 

elements, whereas figure b shows the prospective areas identified by the 79 
geodynamic analysis, outlined in red. Click here and here for larger image. 
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4.212 Mohns - permissive tract M6 and MS-M-area 6 


MS-M-area 6 is associated with a zone of the large lateral offset of the 
rift valley. The tectonic fault at the toe of a height is traceable southwards 
by a chain of young central-type volcanoes, which suggests its recent 
magma-controlled activity. Often, under such circumstances, certain 
extremely favourable conditions for high-temperature hydrothermal cir- 
culation appear in the area of the flank structures. In this case, sulphide 
deposits may occur in the graben-like depressions of the upper part of 
the elevation. 


4.213 Mohns - permissive tract M7 and MS-M-area 7 


MS-M-area 7 includes several relict highs of volcanic origin, similar to 
the above, formed at the earlier stages of the rift-valley development. The 
large transverse fault at their base seems to be still active. It is postulated 
that it is highly probable that relict sulphide deposits will be found here. 


4.214 Mohns - permissive tract M8 and MS-M-area 8 


MS-M-area 8 lies mainly on the western edge of segment IX of the rift 
valley. In the axial part of this segment, volcanic activity is rather low, 
apart from several large central-type volcanoes. This does not exclude 
any venting in the areas of detachment faults at the proximal flanks of 
the valley. 


4.215 Mohns - permissive tract M9 and MS-M-area 9 


MS-M-area 9 is located within the boundaries of segment X, which is 
very interesting from the morphological point of view, featuring an 
abnormally-high abundance of large flat-top central-type volcanoes 
on the valley floor and at the base of its western wall. According to the 
bathymetry data, the north part of this area represents an OCC-like 
structure. In this situation, it is hard to predict what type of hydrother- 
mal circulation will prevail - the ‘axial’ or the ‘flank’ type. In general 
though, the area seems promising. 
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4.216 Mohns - permissive tract M10 and MS-M-area 10 


No hydrothermal activity has been detected yet in this region. However, 


connected to area of interest 7, from the geodynamic analysis, there are 


three promising permissive tracts; numbers 10, 11 and 12. The line of dis- 


charge here coincides with pronounced tension structures (black outlines 


in Figure 4-34). The different permissive tracts are shown in Figure 4-36. 
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Figure 4-34 Mohns Ridge prospectivity of interest area 7, defined by the geodynami- 


cal analysis. Click here for larger image. 


Permissive tract 10, like the preceding one, has many favourable morpho- 


structural features, both in the axial zone and the western flank. Mor- 


phologically, its northers part looks like a large oceanic core complex and 


the area contains several volcanic rises. See Figure 4-35. 
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Figure 4-35 Mohns Ridge permissive tract M10 to M12, connected to interest area 7 
by the geodynamical analysis. The figure shows the morphostructural elements. 


Click here for larger image. 
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Figure 4-36 Mohns Ridge permissive tract M10 to M12, connected to interest area 7 
by the geodynamical analysis. The figure shows the prospective areas identified by 
the geodynamic analysis, outlined in red. Click here for larger image. 


4.217 Mohns - permissive tract M11 and MS-M-area 11 


MS-M-area 11 combines multiple promising axial and flank structures 
of the two segments (XII and XIII) of the valley, including rather remote 
ones. See Figure 4-35 and Figure 4-36. It seems that its flank structures 
deserve special attention, since they are controlled by detachment faults 
demonstrating a variety of potentially ore-bearing morphostructural 
settings. 


4.218 Mohns - permissive tract M12 and MS-M-area 12 


MS-M-area 12 encompasses the western wall of the rift valley, defined by a 
detachment fault with steep inclination and a significant fault throw. See 
Figure 4-35 and Figure 4-36. At its base, a young volcanic zone is located 
and this fault may be interpreted as a magma-conducting channel. This 
situation suggests the high probability of hydrothermal fluid circulation 
in the zone of the flank tectonic dislocations, accompanied by the forma- 
tion of sulphide deposits in the apical part of the structure. 
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4.2.19 Mohns - permissive tract M13 
and MS-M-area 13 


One may see on the map that the location of the hydrothermal mani- 
festations found earlier, Troll Wall (71°17' N) and Soria Moria (71°15' N) 
(Pedersen et al., 2010b), coincides with the intersection points of the dis- 
charge line (yellow) and a pronounced tension structure. This correla- 
tion confirms the results of the geodynamical analysis indicating possible 
locations of hydrothermal activity. See Figure 4-37. Inside interest area 
8 there is a site, north of the Troll Wall site, where the different isolines 
cross or are close to each other. This site should be regarded as promising. 
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Figure 4-37 Mohns Ridge prospectivity of interest area 8, defined by the geodynami- 
cal analysis. Promising area north of Troll Wall, where the red, yellow and black lines 
cross. Click here for larger image. 


83 


CHAPTER 5 


Permissive Tract Characterisation 


5.1 Deposit density 


The well-mapped Troodos massif in Cyprus has been chosen as an ana- 
logue for the slow-spreading Mohns and Knipovich Ridges. 

A difficulty in applying a density from ancient deposits to those cur- 
rently at the MAR is to mimic as closely as possible how the permissive 
tracts of the MAR translate into the permissive area of the analogue. 
Singer et al. (2001) estimated the massive sulphide deposit density within 
the 1010 km? exposed permissive extrusive rocks from Troodos to be 
20 deposits per 1000 km’, with an ore tonnage larger than 20000 tons 
that all fit the Cyprus volcanogenic massive sulphide grade and tonnage 
model (Singer, 1986). This represents the necessary consistency between 
the grade-tonnage model and the density model that Singer (2014) under- 
lines is critical for the estimated numbers to be meaningful. All of the 20 
deposits are hosted within pillow lavas that can be assumed to represent 
the depositional environment of the slow-spreading MAR that forms the 
permissible assessment areas along the Mohns and Knipovich Ridges. 
Although Singer et al. (2001) state that it is unlikely that any undiscovered 
Cyprus volcanogenic massive sulphide deposits are exposed in extrusive 
rocks, since the exposures are very well-explored, continued drilling pro- 
grams may locate buried deposits. Up to eight areas with high mineral- 
isation potential have been outlined for future sub-surface exploration 
(Jowitt et al., 2012). Additional bias may also come from any pre-erosional 
amounts of sulphides that have been lost to erosion before reaching the 
present landform which, for the Iberian pyrite belt, is estimated to be 
10-15% (Barriga et al., 1997). Mosier et al. (2007) state that effects of ero- 
sion cannot be demonstrated by lower deposit densities over time, but he 
does not discuss the effects of changes during the evolution towards the 
present landform. The volcanogenic massive sulphide database (Mosier 
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et al., 2009) quotes that both the Agrokipia and Limni deposits have had 
some their massive zones of sulphides eroded away. 

To accommodate possible biases, the deposit density of 0.02 deposits/ 
km? for the extrusives of Troodos has, in this study, been modelled to cor- 
respond to the 20 percentile of the lognormal number of accumulation 
distribution (Table 1). The green dots in Figure 5-1 display these percen- 
tiles of the distribution on the plotted density of deposits per 100000 km? 
versus the permissive area in km? (based on data in Singer et al., 2010). 
The Troodos density is also included in the plot. Our choice of accumula- 
tion density distribution (Table 1) for the Mohns and Knipovich permis- 
sive areas spans the whole population of volcanogenic massive sulphide 
deposit densities for permissive areas of approximately the same size as 
that of the Cyprus extrusives. 
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here for larger image. 
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Assuming a lognormal distribution, the P20 and minimum and max- 
imum values that span the population of volcanogenic massive sulphide 
deposit densities, the percentiles from the lognormal distribution can be 
derived. See Table 1. 


Table 1 SMS density and aggregate number of accumulations inside the permissive 
tracts. 


Mode | Mean | Stdv | F100 | F95 F90 F75 | F50 | F25 | F20 | F10 FS FO 


SMS density 0.007| 0.014 10| 0.001| 0.003| 0.004| 0.007} 0.011| 0.018] 0.020] 0.027 | 0.034) 0.052 
# acc per km? 
# SMS acc 80| 155 112 1 32 45 75 125| 205| 228| 308| 382| 594 


Given the density distribution, there is a 95% chance within the total 11389 
km? of permissive area on the Mohns and Knipovich Ridges that there are 
32 mineralised accumulations or more (percentiles can be seen in Table 1). 
The most likely number of accumulations, the mode, is 80 and the median 
is 125. The mean is as high as 155 due to the skew distribution, which has 
a coefficient of variation (CV) equal to 72%. This variability is of the same 
order of magnitude as the number of deposits distribution for mafic depos- 
its, CV =83%, in the recent assessment of the totality of SMS resources at 
mid-ocean ridges (MOR) by Singer (2014) and reflects the great uncer- 
tainty that accompanies assessments in frontier exploration areas. 

The play methodology used for the assessment takes into account that 
only some of the hydrothermal activity indicators that will be investi- 
gated have the potential to lead to an SMS accumulation equal to, or 
larger than, the minimum size of 1700 metric tons of ore (50 metric tons 
of Cu metal) and a footprint equal to, or larger than, 0.04 km’. 

The number of hydrothermal activity indicators within each sub-play 
that could identify potential vent fields with surface expressions equal to, 
or larger than, 0.04 km’, that could lead to SMS accumulations equal to, 
or larger than, 1700 metric tons, has been estimated to be proportional to 
the estimated number of accumulations and the size of the favourability 
zones, outlined by the morphological and geodynamical analysis. Due 
to the possibility of finding deposits well off-axis, like the TAG deposit 
connected to apparently long-lived boundary faults and small pillow vol- 
canoes, some of the deposits could fall outside the stippled high favour- 
ability areas (outlined in Chapter 4). 
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The number of accumulations shown in Table 2 has been computed 
from the inferred, as well as the postulated, number of sites that could 
manifest hydrothermal activity within each of the 17 sub-plays, and sub- 
sequently aggregated to a total for the whole of the Knipovich and Mohns 
Ridges. The mean number has been estimated to be proportional to the 
deposit density and the size of the favourable areas outlined in Chap- 
ter 4. The expected total number of inferred and postulated hydrothermal 
manifestations in Table 2 has been calculated by dividing the number 
of accumulations by the probability 0.428 for having sulphides, given 
the presence of hydrothermal manifestations. The probability is calcu- 
lated from the ratio between the number hydrothermal manifestations 
that show signs of sulphides and the total of hydrothermal manifesta- 
tions along mid ocean ridges (Hannington et al., 2004 and 2013a) and the 
inferred and postulated manifestations is therefore the sum of manifesta- 


tions with and without sulphides. 


Table 2 Estimated number of accumulations and hydrothermal manifestations 


related to the permissive tracts (sub-plays). 


ar £ Expected Expected number of inferred 
Area Permissive: | Area fraction number of and postulated hydrothermal 
area kml. | :oftotal area accumulations manifestations 
MS-K-area-1 3100 0.272 42.2 98.6 
MS-K-area-2 2375 0.209 32.3 155 
MS-K-area-3 375 0.033 51 1.9 
MS-K-area-4 500 0.044 6.8 15.9 
MS-M-area-1 1150 0.101 15.7 36.6 
MS-M-area-2 200 0.018 2.7 6.4 
MS-M-area-3 225 0.020 3l 72 
MS-M-area-4 713 0.063 9.7 22.7 
MS-M-area-5 288 0.025 3.9 9.2 
MS-M-area-6 150 0.013 2.0 48 
MS-M-area-7 200 0.018 2.7 6.4 
MS-M-area-8 138 0.012 19 44 
MS-M-area-9 275 0.024 3.7 8.7 
MS-M-area-10 325 0.029 44 10.3 
MS-M-area-11 975 0.086 13.3 31.0 
MS-M-area-12 100 0.009 14 3.2 
MS-M-area-13 300 0.026 41 9.5 
Sum 11389 155 36211 
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Table 3 Play areas and distribution of number of accumulations. Total area 11,389 km?. 


Inverse cumulative distribution of the potential number of accumulations 
Area Std. 
ID permissive | Mode | Mean F100 | F95 | F90 | F75 | F50 | F25 | F10 F5 
tract [km?] dev. 

MS-K-area-1 3100} 135] 425] 435] 0.0 5.0 7.9 | 14.9 | 29.0] 54.0 | 94.0 | 129.0 
MS-K-area-2 2375 7.0] 29.2] 25.3 0.0 3.8 5.8} 11.0] 210] 39.9} 65.0 | 84.0 
MS-K-area-3 375 2.0 52 47| 00| 0.0 1.0 20| 40 7.0 11| 14.5 
MS-K-area-4 500 2.0 6.6 65] 0.0] 0.0 1.0 2.0 5.0 9.0} 15.0} 19.6 
MS-M-area-1 1150 40] 166] 144] 0.0 19 3.0 6.4} 13.0] 22.0 | 35.6 | 45.7 
MS-M-area-2 200 0.0 2.7 28| 00| 00| 0.0 0 20| 40 6.3 8.0 
MS-M-area-3 225 0.0 3) 3.2} 00] 00| O00 (0) 20| 40 7.0 9.8 
MS-M-area-4 713 3.0} 104] 10.6} 0.0 1.0 20| 4.0 7.0 | 13.0} 22.8 | 318 
MS-M-area-5 288 1.0 4.0 42| 00] 00| 0.0 (0) 3.0 6.0 | 10.0 | 12.0 
MS-M-area-6 150 0.0 2.4 24} 00| OO] 0.0 0 2.0 3.0 6.0 7.0 
MS-M-area-7 200 0.0 2.7 28| 00| OO] 0.0 (0) 20| 40 6.3 8.0 
MS-M-area-8 138 0.0 24 24| 00| OO] 0.0 (0) 2.0 3.0 6.0 7.0 
MS-M-area-9 215 1.0 4.0 42| 00| OO} 0.0 (0) 3.0 6.0 | 10.0 | 12.0 
MS-M-area-10 325 1.0 43 47} 00| 00| 0.0 0 3.0 6.0} 101} 141 
MS-M-area-11 975 40} 13.6} 121 0.0 1.0 2.0 5.0 | 10.0} 18.2 | 28.7 | 36.7 
MS-M-area-12 100 0.0 3 15} OO} 00| OO} 0.0 1.0 2.0 3.0 41 
MS-M-area-13 300 1.0 4.0 42| 00| 00| 0.0 1.0 3.0 6.0 | 10.0 | 12.0 
Sum 11389 155 


A reliability check on these numbers can be made by looking at the 
growth in the number of discovered active vents over the last 45 years. 
The discovered number of active vent fields on the MOR (64000 km) 
grows each year (Figure 5-2), and can be predicted to reach more than 
1000 over the next 100 years. 
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Year of discovery and associated spreading rates 
Mid-Ocean Ridge tectonic setting 
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Figure 5-2 Evolution in time of the number of active fields on the MOR, based on 
data from Beaulieu et al. (2015). Click here for larger image. 


If the length of the Knipovich Ridge is 460 km and Mohns Ridge is 
570 km, then the 1030 km of ridge could, accordingly, be expected to 
ultimately have 16 active vent fields (being larger than the minimum 
used here). Inactive SMS accumulations, like 13030 N Semyenov, with- 
out hydrothermal manifestations are difficult to find. Postulating that, in 
addition to the surveyed and inferred vent fields, about an equal number 
of undiscovered vent fields might exist as concealed vent fields, with less 
bathymetric expression than the ones inferred from the morphostruc- 
tural and geodynamic analysis of the bathymetric data. The 95% prob- 
ability of having 32 or more SMS accumulations, as shown in Table 1, 
should therefore be regarded as a conservative projection for the ultimate 
number of both active and inactive undiscovered SMS accumulations on 
the Mohns and Knipovich Ridges, in view of the short SMS exploration 
period and low intensity of exploration until now. 
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Hannington et al. (2010) refer to estimations that all conclude that 
there are roughly 1000 active vent sites along the mid-ocean ridges. Fur- 
thermore, Hannington et al. (2010) conclude that the expected total num- 
ber of what they term ‘significant SMS occurrences along the neovolcanic 
zones of the world’s oceans’ is around 900, with a Pgo of 500 and a Pio 
of 5000. Using the number of active vents at MOR settings in Beaulieu 
(2015) as an indicator of the distribution between the number of vents in 
different tectonic settings, around 500 out of these 900 could be found in 
MOR settings. This corresponds well with the minimum estimated value 
of deposits in neovolcanic zones presented in Hannington (2013a). Given 
64000 km of mid-ocean ridge, this correlates to 8 active significant SMS 
occurrences per 1000 km of neovolcanic zones along the MOR. 


5.2 Probability 


Quantifying the probability on a regional level involves estimating the 
probability of favourable regional conditions that render it possible for 
local accumulations of metals. On the basis of the information from the 
known vent fields (Pedersen et al., 2010b) and the favourable and con- 
firmed regional settings, this is set to 0.9 for unconfirmed plays. Con- 
firmed plays have a play probability of 1. 

Given the three SMS probabilities in Chapter 3, the first of these at the 
local scale is estimated to be 1, based on the criteria used for the seven- 
teen permissive tracts outlined by the morphological and geodynamical 
analyses. This means that it is regarded as certain that there are local 
manifestations of hydrothermal activity, representing accumulations that 
potentially are within the required tonnage and grades inside the sub- 
plays, and furthermore, that these will be found if the plays are thor- 
oughly explored. 

The second of the individual SMS probabilities is estimated to be 0.428, 
given that from 327 sites with manifestations of hydrothermal activity, 
140 sites showed active venting or polymetallic sulphides (Hannington 
et al., 20134). 

The third of the individual SMS probabilities is set to 1, based on our 
grade-tonnage and deposit-density requirement (Singer et al., 2008) that 
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all accumulations must satisfy our minimum tonnage of 1700 metric tons 
used as the 100th percentile in the number of accumulations distribution 
shown in Table 6. 

The SMS’s technical discovery probability, given a favourable play, 
is the product of the probabilities for the adequacy of the three condi- 
tions above. This represents the probability that exploration activities 
can prove the presence of an accumulation with potentially exploitable 
amounts of metals, given the presence of hydrothermal activity related to 
the accumulation of 1700 metric tons or more of polymetallic sulphides 
with equal or larger metal content corresponding to minimum grades. 


5.3 Tonnage and grade distributions 


5.3.1 Introduction 


The size and grade distributions that were used for the assessment of SMS 
on the Mohns and Knipovich Ridges are comparable to those compiled 
from Global SMS deposits at mid-ocean ridges and deposits in arc and 
back-arc settings, but have been modelled with less variability due to the 
expected lower frequency of extreme grades on the Norwegian ridges. 
The expected coefficient of variability is more than 3 times smaller than 
that calculated from the global data (Hannington et al., 2011b). The 25th 
percentiles for all these distributions are nearly half of those of the global 
SMS deposits, except for Cu where they are of similar magnitude. Copper 
has been modelled assuming a lognormal distribution with a 25% proba- 
bility of having a grade of 7 wt % or more. It is important to underline that 
the grades represent average values over the whole tonnage of the SMS 
accumulation and are, therefore, lower than spurious grab samples from 
the surface or from individual samples. 

The choice of grade and tonnage models should also take into account 
the geochemical redistribution related to how the metals are remobilised 
and re-deposited between pristine formations on the current oceanic 
crust and known VMS deposits in ancient terrains (e.g. Melekestseva et 
al., 2013). 
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5.3.2 Tonnage distribution 

Hannington et al. (2010) present tonnages for 62 of the best-mapped 
SMS deposits. Only deposits that have surface areas larger than 100 m? 
(~3,000 tonnes, n= 42) have been included. These 42 deposits represent 
67% of the deposits included in Hannington et al. (2010). The intercept 
for the soth percentile indicates a median deposit size of 70,000 metric 
tons. Hannington et al. (2010) also present cumulative size frequency 
distribution of SMS deposits at MOR. This includes the 10% largest 
deposits, like Middle Valley, Zenith-Victory, Puys des Folles (~10 x 10° t), 
Semyenov (~9 x 10° t), Krasnov (~3 x 10° t), Sunrise (~3 x 10° t), the TAG 
Mound (2.7 x 10% t), and Solwara 1 (2.1 x 10° t). The Atlantis II Deposit in 
the Red Sea is excluded. 


SMS tonnage distribution, Norwegian MOR 
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Figure 5-3 Cumulative size frequency distribution of sea floor massive sulphide 
(SMS) deposits used in this study. Click here for larger image. 
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Figure 5-3 and Table 4 show the size distribution used in this study. 


Table 4 Ore-tonnage distribution 


Mode | Mean aes F100 F95 F90 F75 F50 F25 F10 F5 FO 
Ore 2.0 | 855:4 | 3053.2 17 2.8 45 15 73 383 | 1643] 3824 23856 
tonnage 
[10°] 


It was decided to keep the same median size, of 70000 metric tonnes, as the 
distributions in Hannington et al. (2010). The minimum size is set to about 
1700 metric tonnes, corresponding to a surface area of 40 m? of exposed 
sulphides. This is similar to the 90% percentile of the curve in Hannington 
et al. (2010). This choice is motivated by the requirement for having accu- 
mulations with a similar minimum contained metal in a SMS deposit on 
the Mohns and Knipovich Ridges as in the grade-tonnage models (Figure 
5-4) in the recent assessment of the total MOR (Singer, 2014). 
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Figure 5-4 Metal distribution in mafic massive sulphide deposits. Data from Mosier 


et al. (2009). Click here for larger image. 
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5.4 Grades 


The choice of grade distributions (Table 7) for SMS on the Mohns and 
Knipovich Ridges for Cu, Zn, Au and Ag deviates from the Global MOR 
distributions in Table 6 (Hannington et al., 2011a). The 18 deposits in our 
analogue area from the Troodos ophiolite have coefficients of variability 
(CV%) for Cu of 60%. The Mohns and Knipovich grades have coefficients 
of variability of less than 50%, except for gold with 121%. The grades in 
Table 6 all have coefficients of variability (CV%) larger than 80%, and a 
Cu/Zn ratio that is too much influenced by samples from intra-oceanic 
back-arc and arcs, as well as transitional arcs and continental margin arc 
environments, to represent valid distributions for our assessment. 

Table 5 Average bulk compositions of 95 SMS deposits, 3,869 surface samples (from 
Hannington et al., 2013). 


Geological Setting N | Cu [wt%] | Zn[wt%] | Pb [wt%] | Au [ppm] | Ag [ppm] 


Mid-ocean ridges 2071 5.9 6.1 <0.1 1.6 89 
Sedimented ridges 173 11 3.6 0.5 0.5 84 
Intra-oceanic back-arc | 668 3.9 16.4 0.9 6.6 210 
Intra-oceanic arc 169 5.3 17.7 2.4 9.6 407 
Transitional arc 728 6.4 14.8 2.0 12.2 692 
Continental margin arc 60 31 20.3 10.0 2.3 953 


Table 6 Percentiles for SMS grade distributions for SMS deposits, all tectonic set- 
tings (from Hannington et al., 20114). 


SMS (N=62) 75th 50th 25th Mean Std. | Std. dev/ 

Percentile | Percentile | Percentile dev Mean % 
Cu metal [wt %] 1.70 4.30 7.00 5.58 4.61 83 % 
Zn metal [wt %] 4.30 10.60 18.60 15 14.9 99% 
Au metal [ppm] 0.30 1.70 5.30 7.05 28.38 403 % 
Ag metal [ppm] 37.00 107.00 234.00 209.8 353.7 169 % 


Table 7 Percentiles for SMS grade Norwegian MAR 


Metal grades 75th 50th 25th Mean Std. Std. dev/ 

Percentile | Percentile | Percentile dev Mean % 
Cu metal [wt %] 5.04 5.78 6.62 5.90 1.35 23% 
Zn metal [wt %] 4.88 5.84 6.94 6.08 1.82 30 % 
Au metal [ppm] 0.61 1.06 1.82 1.58 1.91 121% 
Ag metal [ppm] 62.3 82.9 109 90.9 441 49 % 
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The grade distribution that was used for the assessment of SMS on the 


Mohns and Knipovich Ridges was modelled as shown in Table 8. 


Table 8 Grade distributions for individual SMS accumulations. 


Metal grades Mode | Mean Std. | F100 F95 | F90 F75 | F50 F25 F10 F5 FO 
dev 

Cu metal [wt %] 5.45} 590] 135] 3.00| 3.93} 4.33| 504] 578] 6.62| 756] 8.25 10.90 

Zn metal [wt %] 5.74| 6.08) 182] 266] 362] 410] 488] 584] 694] 833] 9.38] 13.34 

Au metal [ppm] 0.67 | 1.58 191} 0.07 | 0.23 | 0.34| 0.61| 1.06] 182| 318| 458] 12.8 

Ag metal [ppm] 767| 909| 441 19.2 371| 46.5] 62.3| 82.9] 109 143 171 284 


The individual distributions are shown in Figures 5-5 and 5-6. 
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Figure 5-5 Copper and zinc grades. Mean grades given in Table 8. Click here for 


larger image. 
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Figure 5-6 Ag and Au grades. Mean grades given in Table 8. Click here for larger 
image. 


Given the grade and tonnage distributions, one can calculate the distri- 
bution of contained metric tons of metal in a single undiscovered SMS 
accumulation. See Table 9. 

The metal distributions in the SMS deposit model from the Mohns 
and Knipovich Ridges (Table 9) are similar to the mafic models used by 
Singer (2014), especially for high-end percentiles, but deviates below the 
upper quartile (See Figure 5-4). If we compare the medians in Table 9 
with Figure 5-4, which are based on Singer (2014), we note that the mod- 
els used in this study represent a compound model dominated by the 
mafic model for the higher tonnages, and the felsic-bimodal model for 
the lower tonnages. 


96 


PERMISSIVE TRACT CHARACTERISATION 


Table 9 Distribution of contained metric tonnes of metal in a single undiscovered 


SMS accumulation 


Resource 
Type [Units] 


Cu metal 
[tonnes] 


Mode 


146 


Mean 


50684 


Std. 
dev. 


187408 


F95 


159 


F75 


859 


F50 


4209 


F25 


22318 


F10 


95677 


F5 


221013 


F1 FO 


956006 | 1445386 


Accumulation 
size 


Au metal 
[tonnes] 


Accumulation 
size 


0,0 


8,0 


0,0 


0,0 


0,1 


0,4 


2,0 


5/1 


24,5 39,6 


Zn metal 
[tonnes] 


152 


52122 


191568 


164 


871 


4303 


22843 


98204 


229640 


979139 | 1401190 


Accumulation 
size 


Ag metal 
[tonnes] 


0,2 


76,7 


3001 


0,2 


59. 


32 


143 


335 


1421 2099 


Accumulation 
size 


In view of the great uncertainties regarding pristine grade and tonnages of 


VMS accumulations, this study chose deposit densities from the Cyprus 


VMS deposits. For grades, the project chose the mean values according 


to the average values from mid-ocean ridges, and the maximum values 


according to the observed tonnages and grades in the Russian MAR 


exploration areas (Cherkashov et al., 2010, 2013). It must, however, be 


noted that there are only a few drilled deposits. Sample material comes 


primarily from surface samples. The appropriateness of the grade distri- 


butions used here has been assessed by comparing the total amount of 


metal potential with the total metal potential calculated by Hannington 
(2013b), Cathles (2013) and Singer (2014). See Chapter 7. 
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Results 


6.1 Assumptions 


The probabilistic methodology was applied to each of the 17 sub-play 
assessments to produce metal estimates in the form of probability distri- 
butions. The sub-plays are assumed to belong to the same geological play, 
i.e. the MAR, even if local ridge segments are individually different. To 
take into account the limited dependency that can be inferred between 
sub-plays, aggregation (summation of the potential in the 17 sub-plays) 
was conducted with dependency factors. 

The Knipovich Ridge shows similar architecture to the north-eastern 
Mohns Ridge but spreading along the Knipovich is up to 60° oblique, and 
the axial valley ridges (AVR) are more widely spaced, typically 100 km, 
compared with 30-50 km at the central Mohns Ridge (Rona et al., 2010). 
Due to the narrower spacing of the AVRs, more diversity can be expected 
along the Mohns Ridge than along the Knipovich Ridge. A dependency 
factor of 0.45 is therefore used for Mohns play aggregation, compared to 
a higher dependency factor of 0.6 for the aggregation of the Knipovich 
plays. These dependency factors regulate the dependencies between the 
sub-plays within each of the two ridges. 

If one or more of the Mohns Ridge sub-plays will produce economi- 
cally-recoverable amounts of Cu, Zn, Au and Ag, then the likelihood is 
high for having favourable mineralisation conditions also in one or more 
of the Knipovich sub-plays. A dependency factor of 0.9 is therefore used 
when the resources of the Mohns and Knipovich Ridges are combined to 
represent the total expected metal resources from the Norwegian part of 
the MAR. This dependency factor regulates the dependency between the 
two ridges. 

In the assessment of in-situ gross monetary value, a gram to ounce (02) 
ratio of 28.35 has been used to accommodate the gold price quotes (USD / 02). 
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6.2 Metal resource potential 


Each of the 17 sub-play probability distributions for Cu, Zn, Au and Ag 
were aggregated using a Monte Carlo simulation (GeoX, 2014), to produce 
resource estimates for the entire Mohns and Knipovich Ridges (Table 10). 
For each commodity, the following distributions are calculated: 


e Aggregated number of accumulations 

e Accumulation size distribution 

e Conditional aggregate potential, given that the assessment area has 
at least one sub-play with a confirmed SMS 

e ‘The unconditional aggregate potential. 


The conditional aggregated potential estimate presupposes that at least 
one of the 17 sub-plays are confirmed, whereas the unconditional aggre- 
gated potential does not make this assumption. The unconditional poten- 
tial is therefore lower than the conditional potential because the latter is 
multiplied by the probability that the plays are confirmed. The metal dis- 
tributions are all skewed to the left, generally with a standard deviation 
equal to or substantially larger than the mean (for aggregate potential). 


Aggregated metal potential along the Mohns and the Knipovich Ridges 
100 


Cumulative per cent 


1.0E+00 10E+01 10E+02 10E+03 10E+04 1.0E+05 1.0E+06 1.0E+07 10E+08 


Aggregate metal tonnage 


Figure 6-1 Aggregated metal potential along the Mohns and Knipovich Ridges. Click 
here for larger image. 
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Table 10 shows the conditional and unconditional aggregated potential. 
The mean of the skewed distributions is approximately 7 million metric 
tons of copper and zinc, 175 metric tons of gold and about 10,000 metric 
tons of silver. Figure 6-1 shows the metal distributions, illustrating that 
there is a 5% probability that the metal potential along the 1030 kilome- 
tres of studied ridge is about 21 million metric tons of copper, 22 million 
metric tons of zinc, just under 600 metric tons of gold and 34000 metric 
tons of silver or more. The uncertainties and the skewness are large, illus- 
trated by the large standard deviations and the large difference between 
the minimum and maximum values (min. / max. values illustrated only 
in Figure 6-1). For silver, copper and zinc, the ratio between the expected 
value, the mean, and the standard deviation is slightly above 1 or 100%. For 
gold, this ratio is, as expected, significantly higher than one. The copper 
and zinc distributions in Figure 6-1 are overlapping. The zinc distribu- 
tion is illustrated with a dotted yellow line. Table 10 also show the per- 
centiles P95, P75, P50 (the median), P25 and Ps. For copper, these indicate 
that there is a 95% chance that the aggregated copper tonnage along both 
the Mohns and Knipovich Ridges is larger than ~200 thousand metric 
tons. For zinc, there is a 5% chance that the tonnage is ~23 million metric 
tons or more. For gold there is a 95% chance that he aggregated tonnage 
is larger than 5 tonnes and a 5% chance that it is larger than ~600 tonnes. 
For silver the corresponding tonnages are 340 and 34000 tonnes for 95% 
and 5% respectively. Given the skewness of the distributions, which is also 
apparent in Figure 6-1 (remembering that these distributions are plotted 
on a logarithmic scale) the ‘mode’ is the most likely value and signifi- 
cantly smaller than the mean. 

We observe in Table 10 that the conditional and unconditional aggre- 
gate potentials are nearly equal, indicating that there is a negligible risk 
that none of the 17 sub-plays will confirm at least one SMS accumulation. 
The assessment results will therefore only show the distributions for the 
conditional aggregate commodity potential that was used as a basis for 
calculating the total gross metal value for each commodity. 
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Table 10 Aggregated accumulation number, size and in-situ metal resources on the 


Mohns and Knipovich Ridges 

Resource Type [Units] Mode Mean| Std. dev. F95 F75 F50 F25 F5 
Cu metal [metric tons] 

Number of Cu 

accumulations 92 161 124 30 74 126 210 416 
Accumulation size Cu (0) 45834| 137948 (0) 1680 4585 21791| 224533 
Conditional aggregate 

potential Cu 14558 | 6884938] 7033961| 195906| 1752433| 4613919| 9614568] 21678550 
Uncond, aggregate 

potential Cu 14558| 6882185| 7033901| 194216| 1749347| 4611112| 9611228] 21675930 
Au metal [metric tons] 

Number of Au 

accumulations 72 57 117 28 74 26 211 385 
Accumulation size Au 0 1 3 (0) 0 (0) (0) 5 
Conditional aggregate 

potential Au (0) 75 201 5 38 03 238 597 
Uncond, aggregate 

potential Au (0) 75 201 5 38 03 238 596 
Zn metal [metric tons] 

Number of Zn 

accumulations 68 161 121 29 74 29 213 402 
Accumulation size Zn (0) 51913| 160575 6 1667 4446 21340| 257048 
Conditional aggregate 

potential Zn 36855| 7095203| 7338270| 258783| 1776559| 4703893| 9945984| 22746144 
Uncond, aggregate 

potential Zn 36855| 7092365| 7338174| 256571| 1773835| 4700878| 9943090| 22743314 
Ag metal [metric tons] 

Number of Ag 

accumulations 73 161 122 29 74 127 210 399 
Accumulation size Ag (0) 68 207 (0) 2 6 33 338 
Conditional aggregate 

potential Ag 25 10524 11237 339 2528 6821 14527 34074 
Uncond, aggregate 

potential Ag 25 10514 11236 332 2519 6813 14517 34064 
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6.3 Metal prices 


Metals are traded on stock exchanges worldwide, and their prices are 
controlled by varying supply and demand mechanisms and are highly 
volatile on local and regional scales. It is, however, outside the scope of 
this book to do a robust and in-depth forecast and sensitivity analysis of 
future metal prices. The basis for the metal price assumptions are prices 
reported by Thomson Reuters / SNL Metals and Mining. See Figure 6-2. 
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Figure 6-2 Metal prices from January 1980 until recently. Used as a basis for deciding 
the commodity prices used in the valuation. Source: Thomson Reuters, SNL Metals & 
Mining, an offering of S&P Global Market Intelligence. Click here, here, here and here 
for larger image. 
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The following rounded values close to the prices at the time of the assess- 
ment (15/12-2016) have been assumed in the calculation of the gross value: 


e Au=1200$/oz 

e Ag=20$/oz 

e Cu=7000$/metric ton 
e Zn=2000$/metric ton 


6.4 Gross value of yet-to-find metal resources 
along the Knipovich and Mohns Ridges 


The aggregated gross values (in-situ metal value) for copper, zinc, gold 
and silver are given in Table 11. 

The metal gross values are given by multiplying the ‘Conditional aggre- 
gate potential’ given in Table 10 with the commodity prices in Table 11. 


Gross value given in billion USS of the metal potential along the Mohns and the Knipovich Ridges 
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Figure 6-3 Aggregated gross value of copper, zinc, gold and silver along the Mohns 
and Knipovich Ridges. Click here for larger image. 


Figure 6-3 and Table 11 show the gross value distributions. The figure illus- 
trates that given the commodity prices above, the in-situ value potential 
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along the 1030 kilometres of ridge is between US$ 0.1 billion and US$ 246 
billion for copper (blue graph in Figure 6-3), between US¢ 0.01 billion 
and US¢ 46 billion for gold (grey graph in Figure 6-3), between US$ 0.04 
billion and US¢ 75 billion for zinc (dashed yellow graph in Figure 6-3) 
and between US¢ 0.02 billion and US¢ 41 billion for silver (orange graph 
in Figure 6-3). This gives a total upside potential of about 400 billion USs. 
Clearly, these numbers are associated with a high degree of uncertainty, 
given both the uncertainty in commodity prices, the deposit density, the 
deposit tonnage and the deposit grades. It is also apparent in Figure 6-3 
that copper is the major financial driver. 

Table 11 show the percentiles P95, P75, P50 (the median), P25 and P5 for 
the Aggregated gross values of the commodities. For copper, these quan- 
tify a 95% chance (P95) that the gross copper value (in-situ value) along 
both the Mohns and Knipovich Ridges is larger than 1.4 billion USs. For 
zinc, there is a 5% chance (P5) that the gross value is 45.5 billion US$ or 
larger. For gold and silver there is a 5% chance that the in-situ value is 
larger than 25 billion US$ and 24 billion US¢ respectively. The distribu- 
tions are highly skewed, with consistently slightly higher standard devi- 
ation than mean and a much lower mode than mean, emphasising the 
uncertainty. 

The gross values are compared to the Norwegian Oil Fund. This fund 
had a market value of 8,300 billion Norwegian kroner (NOK) by Novem- 
ber 5, 2018. The mean gross value of the total metal resources along the 
Mohns and the Knipovich Ridges is thereby about 8% of the Norwegian 
Oil Fund. 
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Table 11 Aggregated gross value Mohns and Knipovich Ridges 


RESULTS 


Resource Type and 
gross value [Units] 


US$ / 
metric ton 


Mode 


Mean 


Std. 
dev. 


F95 


F75 


F50 


F25 


F5 


Cu metal gross 
value [Billion US$] 


Conditional 
aggregate potential 


7000 


0.110 


48.2 


49.2 


1.4 


12.3 


32:3: 


67.3 


151.7 


Au metal gross 
value [Billion US$] 


Conditional 
aggregate potential 


42328754 


0.009 


74 


8.5 


0.2 


1.6 


44 


10.1 


Zn metal gross 
value [Billion US$] 


Conditional 
aggregate potential 


2000 


0.07 


14.2 


14.7 


0.5 


3.6 


9.4 


19.9 


45.5 


Ag metal gross 
value [Billion US$] 


Conditional 
aggregate potential 


705479 


0.018 


74 


79 


0.2 


1.8 


4.8 


10.2 


24.0 


Total gross metal 
value [10^9 US$] 


0.2 


77.2 


80.3 


2.3 


19.2 


50.8 


107.5 


246.5 


Norwegian Oil Fund 
5/11-18 [NOK and 
US$]. Exchange 
rate 8.37 


8.3E+12 


9.9E+11 


% of Norwegian Oil 
Fund 4/1-17 


0.02 % 


7.80 % 


8.12 % 


0.02 % 


1.94 % 


5.14 % 


10.86 % 


24.91% 


105 


CHAPTER 7 


Validation of Aggregated Play 
Resources 


Despite excellent reviews (e.g. Pedersen et al., 2010b; Hannington, 
2005-2013), it remains difficult to distinguish the fundamentals from the 
interesting details regarding the ultimate potential for sea-floor massive 
sulphide (SMS) deposits. Several influential publications have addressed 
the issue of estimating the resource base of sea-floor massive sulphide 
(SMS) deposits (Cathles, 2011a, 2011b; Hannington et al., 2011b; Hanning- 
ton 2011, 2013b; Singer, 2014; Juliani & Ellefmo, 2018a). From a cursory 
evaluation of these and related articles, it may appear that some authors 
are optimists, whereas others are pessimists. Thus Cathles (op. cit.) esti- 
mates that with an accumulation efficiency of 3% (3% of the metals in 
the hydrothermal fluids is precipitated as sulphides), the amount of cop- 
per in sea-floor mineral deposits, 106 billion metric tonnes that would 
last for more than 6000 years at the current rate of extraction, whereas 
Hannington and co-authors found the amount of copper and zinc in the 
more easily-accessible (i.e. surface deposits) of the neovolcanic zones of 
the global oceans to be just 30 million metric tonnes. The large discrep- 
ancy in the two estimates is not only a matter of optimism versus pessi- 
mism, but rather reflects the fact that two different reservoirs have been 
estimated. Cathles evaluates the total metal retained in mineral deposits 
in the oceanic crust (exposed plus buried), whereas Hannington focuses 
his attention on surface deposits in the more easily-accessible neovolca- 
nic zones of the global oceans. The estimate by Cathles differs in two 


main aspects: 
e the whole area of the global oceans is included; and 


e the implicated mineralisation is not only on, but also under the sea 
floor. 
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From an ore deposit perspective, questions are mainly reduced to: 


e What fraction of the metal carried by the venting fluid is actually 
accumulated on the sea floor (what is the accumulation efficiency)? 

e To what extent are the accumulated metal sulphides concentrated 
spatially (how are the sulphides swept into piles)? 


Cathles’ starting point is the fact that the heat introduced into the crust 
at the ridge equals that lost by 350°C venting. This means that the thick- 
ness of the crust alone determines the mass of 350°C seawater that can 
circulate, on average, through each square metre of sea floor. He then 
combines this with the observed chemistry (from MORs in the Pacific) of 
the high-temperature axial vent fluids, and calculates that 0.67 kg/m? of 
copper metal could be on each square metre of sea floor. 

The crustal thickness along Mohns Ridge is well below the global aver- 
age for typical oceanic crust, and shows a high variability with a mean 
thickness of around 4 km (Klingelhöfer et al., 2000). With 2D seismic 
imaging of the sub-seafloor and a given density model, Krysiński et al. 
(2013) documented that the oceanic crust formed at the Knipovich Ridge 
is between 6 and 8 km thick. 

The total deposition of Cu in the neovolcanic zone (including known 
sub-sea-floor stockwork mineralisation and near field sediments) is, 
according to Hannington (2013b), ~1.74 kg/m’, which comprises: 0.44 kg 
in near field sediments, 034 kg in SMS deposits and 0.96 kg in stock- 
works. Using the tonnage factor of 3 indicated above, this corresponds 
to 5.19 kg/m’, which comprises: 1.31 kg in near field sediments, 1.01 kg in 
SMS deposits and 2.87 kg in stockworks, for the total Cu deposited in the 
neovolcanic zone along an ultra-slow ridge. This corresponds to about 
9% of the total high-temperature axial flow, assuming a minimum flux to 
the ridges of ~58.2kg Cu/m’. Following Hannington’s (2013b) statements 
about the balance and the adjustments to MAR conditions, the difference 
between the minimum flux and the total deposition of 5.19 kg/m? in the 
neovolcanic zone of 53 kg/m? Cu must be deposited in the crust as sub- 
sea-floor mineralisation associated with diffuse axial flow. 
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The discrepancy in the two estimation approaches of Cu metal in SMS 
deposits/m? applied to the Mohns-Knipovich Ridges may, according to 
Barriga et al. (2013), not be a matter of optimism versus pessimism, but 
rather reflects the fact that Cathles’ approach, leading to 1.88 kg Cu/m’, 
evaluates the total metal retained in mineral deposits in the oceanic crust 
(exposed plus concealed). On the other hand, Hannington’s approach 
leads to 3.88 kg Cu/m? for SMS and sub-sea-floor alteration and miner- 
alisation (1.01 kg Cu/m? + 2.87 kg Cu/m’). Computed exclusively for the 
‘significant massive sulphide accumulation’ on the sea floor, in the easily- 
accessible neovolcanic zone, this value of 1.01 kg Cu/m’ gives 10.4 million 
metric tons of copper, which corresponds to the 22% percentiles for Cu in 
the aggregated resources in Table 10, and a smaller upside on the assessed 
resources than that calculated using Cathles’ approach. 

Singer (2014) makes a probabilistic estimate of the Cu, Zn, Pb, Au and 
Ag tonnages inside a 4 km narrow neovolcanic zone around the ridge, 
with a total area of 256,000 km’. He uses the three-part assessment 
framework and onshore analogues to model the contained metal and 
deposit density (number of deposits per km’). Estimations are thereby 
computed with much smaller deposit densities and only pertain to the 
4 km wide zone, with resulting Cu resources that represent a clear down- 
side which corresponds closely to the 95% percentiles for Cu in the aggre- 
gated resources in Table 10. 

Figure 7-1 shows a comparison between the potential resource of cop- 
per in percentiles, obtained by this study, and the mean values obtained 
by Cathles (2013), Hannington (2013b) and Singer (2014). One may notice 
that the percentiles defined in this study span the sample space defined 
by the three authors, yielding a degree of further confidence in our 
estimates. 
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Figure 7-1 Validation of Cu tonnage obtained in the mineral resource copper poten- 


tial estimates inside the Norwegian Extended continental shelf. Click here for larger 
image. 
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Testing the Hypothesis 


8.1 The MarMine Project 


To reduce the uncertainty of the presented estimates of the mineral 
resource potential along the extended Norwegian continental shelf, more 
exploration and sampling is needed. 

NTNU therefore applied for a grant from the Norwegian Research 
Council, together with 13 Norwegian companies, in 2015. The main goals 
of the MarMine Project were to test exploration technologies and to col- 
lect mineralised material to seek to improve the accuracy of the estimate 
of undiscovered mineral resources on the extended Norwegian continen- 
tal shelf, focusing on seafloor massive sulphide (SMS) deposits along the 
Arctic Mid-Ocean Ridge (AMOR), and to evaluate exploitation technol- 
ogies for potential future mining activities. An integrated part of this is 
to test to see whether an exploration strategy based on a morphostruc- 
tural analysis of the ocean floor bathymetric data can be used to find 
undiscovered accumulations of sulphide mineralisation. In the summer 
of 2016, the MarMine Project carried out a three-week research cruise to 
the AMOR (Ludvigsen et al., 2016) with the multipurpose subsea vessel, 
Polar King (see Figure 8-1). 

The main purpose of the research cruise was to collect samples for fur- 
ther analysis and in the course of its duration, several hundreds of kilos 
of collapsed chimney fragments were collected from the Loki’s Castle 
mounds. Most of these were collected from the surface, but the project 
also used a Remotely Operated Vehicle (ROV) mounted drilling system 
to obtain sub-surface samples. One of the interesting research questions 
is whether the mineralisation differs at different depths. However, core 
drilling on the Loki’s Castle mounds was difficult due to the mixture 
of unconsolidated sediments and chimney fragments (Ludvigsen et al., 
2017; Søreide et al., 2017). One of the Loki’s Castle chimneys can be seen 


in Figure 8-2. 
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Figure 8-1 M/V Polar King multipurpose subsea vessel with the Hugin AUV surfac- 
ing with new data from the seafloor. Photo: NTNU MarMine; no reuse without rights- 
holder permission. Click here for larger image. 


7 
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Figure 8-2 One of the chimneys on the Loki's Castle site. Hydrothermal fluid can be 
seen flowing out of the chimney. Photo: NTNU MarMine; no reuse without rights- 
holder permission. Click here for larger image. 
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To investigate the appropriateness of Autonomous Underwater Vehicles 
(AUV) as a platform to find hydrothermal manifestations, multivariate 
datasets were collected from the Loki’s Castle site, the Mohns’ Treasure 
area, and two exploration areas south-south-east of Mohns’ Treasure. 
The benthic fauna at the presumed inactive site Mohns’ Treasure was 
naturally distinctively different (low biomass, high biodiversity) from the 
active site at Loki’s Castle (high biomass and low biodiversity). Sponges 
and crinoids on rocky substratum and stalked crinoids on sediments 
dominated. Echinoderms (small asteroids and holothurians) were also 
observed on sediment. An Axial Volcanic Ridge (AVR) was defined as 
exploration area 1 and 2. This exploration area definition was primarily 
done based on the morphostructural work presented herein identifying 
faults, graben structures and volcanic features. Based on high-resolution 
bathymetric maps, geological features were selected for ground-truth- 
ing using the ROV. A dramatic bathymetry, similar to alpine terrain, 
was identified but no new hydrothermal manifestations were discovered 
during these surveys. 


8.2 Post-cruise results 


In order to better understand the composition of SMS, it is necessary to 
directly investigate the material of which they are comprised. Physical 
samples are needed to make microscopically-thin sections to understand 
the mineralogy, and to make powders suitable for chemical analysis using 
X-ray and electron beam techniques. On terrestrial sites of geological 
interest, this is a relatively simple process, but at a depth of 2500 metres 
under water in the middle of the Arctic Ocean, physical sampling is more 
complicated. During the MarMine research cruise, AUVs and ROVs were 
sent to the ocean floor to investigate the sites, with the aim of collecting 
samples and data to return to the laboratory. 

The metal-laden fluids escape back into the ocean from the crust via 
holes and cracks referred to as hydrothermal vents, much like when we 
see geysers or gas escaping from vents in hot water spring areas. As the 
hot, buoyant metal-enriched water is expelled from the hydrothermal 
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vents, it forms tall sediment-laden plumes. Vent plumes dominated by 
Zn and Pb are known as ‘white smokers’, and those dominated by Cu 
and Fe as ‘black smokers’. The minerals which precipitate out of the solu- 
tion from these vents build up over time (like inside a kettle), literally 
forming chimneys for the vents. These chimneys are composed of the 
elements carried by the hydrothermal fluids, and therefore the miner- 
als which form in these chimneys are likely to be representative of those 
which form in potentially-significant quantities at lower depths. This is 
clearly visible at Loki’s Castle, where several chimneys are present in the 
two main mounds, and some of these chimneys are active black smokers. 

The hydrothermal vent chimneys are prone to collapse periodically, 
due to internal fluid-pressure building up and subsequently breaking off 
fragments, earthquakes that destroy the structures completely, or simply 
because the smokers grow too large to support their own weight. These 
fragments of the vent material fall down the sides of the mounds, forming 
scree slopes and debris fields. 

It is this material that was successfully collected by the ROV and even- 
tually investigated by the project scientists, along with samples of the 
muddy sediments from the sea floor, and drill cores of basalt which rep- 
resent the oceanic crust. 

In total, more than 200 kg of loose boulders from the flanks of the 
mound and collapsed fragments from the chimneys were recovered. Due 
to the often elevated levels of Fe in the SMS material, the rocks have a 
strong rusty coating masking the internal features. Upon first cutting and 
coring the boulders, initial impressions were all related to the variability 
of the material. The rock is often highly porous, with the cavities lined 
with a variety of crystals. The texture is chaotic, with billowing lamina- 
tions of rusty and white carbonate, sulphate and silicate minerals, grey 
clay-dominated areas, and fine-grained black zones. It is the black zones 
which typically contain the elements and sulphide minerals of interest: 
copper in chalcopyrite and isocubanite, zinc in sphalerite, and, occasion- 
ally, silver and gold. In some material, these phases (including pyrite) 
amalgamate into interlocking lenses, hence the term ‘massive sulphide’. 
These can be seen in Figure 8-3, where coarser sulfide layers are hosted 
within a porous, black fine-grained groundmass (scale bar is 4 cm). 
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Figure 8-3 Metallic layers hosted within a porous, black fine-grained groundmass 


(scale bar is 4 cm). Click here for larger image. 


Initial petrographical and geochemical investigations, based on the sur- 
face samples from Loki’s Castle, indicate the potential for grades and 
tonnages comparable to those of economically-significant volcanogenic 
massive sulphide (VMS) deposits; ancient terrestrial versions of SMS 
deposits which have long been utilised as a major source of Cu, Zn and 
Pb from onshore mines. 

The majority of the samples which display visible sulphide mineral- 
isation typically contain o.5wt% Cu and iwt% Zn, but samples with as 
much as 2wt% Cu, and 7.4wt% Zn have been recorded. These grades are 
considerably lower than the average grades used in the resource potential 
estimation presented herein, but the amount of data these samples rep- 
resent is not assessed to be great enough to change the defined grade dis- 
tributions. In order to really lower the uncertainty, even more data must 
be collected and, in particular, along the 3rd dimension (i.e. sub-sea- 
floor). Both Ag, Au and, surprisingly, some Pb are present in the collected 
material. Understanding the form of the Cu and Zn-bearing minerals 
is important in order to provide information necessary for subsequent 
mineral-processing considerations, ensuring efficient extraction. More 
information on mineralisation, content and potential exploitation tech- 
nologies will become available as the MarMine Project continues. 
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8.3 Updating and improving the play 
definitions 


During the MarMine research cruise, data from Loki’s Castle, the greater 
Mohn Treasure area, including the scarp edges, and two exploration 
areas on an axial volcanic ridge were collected. Collected data included 
high resolution sea floor bathymetry, sediment acoustic reflectivity 
(acoustic backscatter), salinity, temperature, pressure, turbidity, magne- 
tism and methane content, using the Multi-Beam EchoSounder (MBES), 
CTD, turbidity sensor, Self-Compensating Magnetometer (SCM) and 
CH4-sensor. This data will undergo detailed studies to improve the 
understanding, descriptions and definitions of the plays included in the 
play analysis. In the future, this will reduce uncertainty because it will be 
feasible to develop more specific play analyses, e.g. an AVR, a sediment 
hosted, and an oceanic core complex play analysis. 


8.4 Governmental exploration cruises to 
Mohns Ridge 


Early in 2018, the Norwegian Petroleum Directorate (NPD) asked for 
qualifying documents to participate in a request for tenders in relation 
to the ‘Acquisition of Seabed Massive Sulfide Data in the Norwegian Sea’ 
(NPD, 2018a). After the tendering process was concluded, NPD engaged 
Swire Seabed AS and Ocean Floor Geophysics Inc. to map for potential 
sulphide mineralisations inside a predefined area, along central parts 
of Mohns Ridge (NPD, 2018b). The defined area overlaps significantly 
with permissive tract M3 and M4 defined in this study. See Chapter 4.2. 
NPD required spontaneous potential data (SP), multi-beam bathymetry 
(MBES), backscatter data, and grav/mag with high frequency seismic 
(HFS) and sub-bottom profiler (SBP) data as optional. Electromagnetic 
(EM) and magnetotelluric (MT) data were also defined as relevant. In 
addition, relevant geological samples from areas of special interest, sam- 
pled with gravity cores or grabs, were required (NPD, 2018a, and NPD, 
2018b). 
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The area defined by NPD is interesting from a deposit perspective. It 
would be expected that the collection of high resolution bathymetric data 
would give local and pertinent details of the sea floor morphologies rich 
in textural information. The northern and southern AVRs may reveal fis- 
sured hummocky terrains with intermittent growth of lava domes and 
cones (several to hundreds of metres in diameter), or smooth lava flows 
where eruption rates are higher. In addition, larger quasi-circular volca- 
nic structures (1 km in diameter, 100-200 m height) may disclose local 
fissuring and terrains that go from relatively smooth upper surface (flat- 
topped type) to steep-sided topographic depressions (crater type). Verti- 
cally-elongated shapes rising up from the sea floor may also dissect the 
hummocky terrains, i.e. eruptive fissures which consist of melt flows that 
are often in conjunction with other features, such as faults. The sediment 
thickness, which is expected to be low in these young and volcanically- 
active areas, increases with distance away from the active spreading cen- 
tre as the crust gets older and less volcanically active. Combined with 
acoustic backscatter images, important details can be tied to sedimentary 
processes along all the multibeam bathymetry lines, which provide infor- 
mation on local mass movements or sediment-covered flat sea floor that 
is often found in arch-shaped depressions. If used, the sub-bottom geo- 
acoustic profiler may help decipher the underlying rugged topography, 
and differentiate areas of little sediment accumulation to those where 
sediment transport is higher, notably in structurally-controlled off-axis 
provinces. Off-axis normal faulting may expose valuable outcrops that 
preserve distinguishable mineralised horizons. Gravitational collapses 
and landslides may, however, participate greatly in covering smaller fea- 
tures, especially within tectonic terrains of large fault scarps. 

The focus of the exploration cruise was not to find active systems, but 
rather inactive systems assumed to still contain mineralised material. 
The project commenced on ist August 2018, involving the ROV support 
vessel Seabed Worker from Swire Seabed AS and a Kongsberg Hugin 
AUV with various sensors from Ocean Floor Geophysics Inc. After 25 
days, the project was successfully completed finding new deposits, both 
associated with active and inactive systems (NPD, 2018c). It is stated 
that ‘The NPD has identified a large area of sulphide minerals, that was 
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previously unknown. The deposits could include important industrial met- 
als such as copper, zinc, cobalt, nickel, vanadium, wolfram and silver.’ Fur- 
thermore, “The new area of sulphide minerals that was discovered contains 
many such piles of gravel and collapsed black smokers, including a 26 metre 
high, non-active tower, in addition to some active systems.’ This confirms 
the interesting potential along the Mohns Ridge. Figure 8.4 shows the 
approximate location of the newly discovered sulphide occurrence in the 
central parts of the Mohns ridge. 


Depth (m) 
- 460 


Figure 8-4 Location of the newly discovered sulphide occurrence (‘NPD’ in map) in 
the central parts of the Mohns Ridge. The newly discovered occurrence is plotted 
with the occurrences Loki’s Castle (LC), the Mohns Treasure (MT), Copper Hill (CH), 
the Troll Wall (TW) and the Soria Moria (SM). Ægir vent field is not included. Source 
map: NTNU / Cyril Juliani. Source occurrence location: Norwegian Petroleum Direc- 
torate. Click here for larger image. 


The location confirms play M3 (see section 5.2) which enables an update 
of the resource potential estimates already build, using the play analysis 
framework. In a new analysis, the sub-play M3 is then confirmed and 
will therefore be associated with a higher play probability, ie. a lower 
regional scale risk. No grade data have been made available and collected 
sample material will in the coming years undergo detailed mineralogical, 
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textural and chemical analysis. A reliable tonnage estimate requires 
drilling in combination with geophysics to understand the occurrence 
geometry and grade distribution. The necessary data for this is not yet 
available. 

During another exploration cruise to Mohns Ridge in August-Sep- 
tember 2019, NPD discovered additional ‘new sulphide deposits' (NPD, 
2019). Exact location and characteristics have not yet been published but 
the exploration area overlaps permissive tracts identified and described 
herein. Simultaneous deployment of more than one AUV enabled timely, 
cost-efficient data collection, and large amounts of high resolution data 
were collected. This is promising, an when more information from the 
cruise is made available, the present resource potential estimate can be 
updated. 
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Discussion and Concluding 
Remarks 


9.1 Classification of the marine minerals 
discovered on the AMOR 


Deposits can be defined both according to geological knowledge and 
according to the so-called modifying factors that include the mining 
method, processing route and environmental, social, economic, govern- 
mental, market and legal aspects. US Geological Survey (USGS, 1980) 
classified mineral resources into identified and undiscovered resources 
(Figure 9.1). Mineral resources that are identified are further separated 
into inferred, indicated and measured resources, dependent on the 
knowledge base. Undiscovered resources are postulated and can be, like 
identified resources, sub-divided dependent on the level of geological 
knowledge into hypothetical and speculative resources. Hypothetical 
resources are postulated resources in confirmed regions, whereas specu- 


lative resources are inside unconfirmed regions. 


| IDENTIFIED RESOURCES UNDISCOVERED RESOURCES | 
Cumulative Production 
Demonstrated Probability Range 
Measured Indicated mierea pothetical (or) "Speculative 


Inferred 
ECONOMIC Reserves Rova 
Inferred 
MARGINALLY A i 
Mai '] 
ECONOMIC Marginal Reserves ert ael 
Sa aA 4 SS Se eS Pie ee ae et eee! ji + 4 
Inferred 
SUBECONOMIC Demonstrated Subeconomic Subeconomic 
Resources Resources 
ee | 


Other n 
includes nonconventional and low-grade materials 
Occurrences 


Figure 9-1 USGS classification scheme for mineral resources and reserves. Figure 
from USGS (2009). Click here for larger image. 
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Worldwide, there are a number of classification systems for mineral 
resources and reserves in use. The National Instrument 43-101 (NI, 2018) 
and the Australasian Joint Ore Reserves Committee Code (JORC Code; 
JORC, 2012) are two commonly-used standards. The JORC Code is 
aligned with the classification scheme of the USGS (1980), and classifies 
resources and reserves into the following sub-groups: 


e An inferred mineral resource is a deposit which has been sampled 
sufficiently to make an estimate of its grade and tonnage at low 
confidence. 

e An indicated mineral resource is a deposit where the continuity is 
not yet confirmed but in which tonnage and other deposit charac- 
teristics can be estimated with a reasonable level of confidence. 

e A measured mineral resource is a sampled deposit with a high level 
of geological confidence and confirmed geological continuity. 

e A probable ore reserve is the economically-mineable part of an 
indicated or a measured mineral resource, dependent on the uncer- 
tainty in the modifying factors. 

e A proven ore reserve is the economically-mineable part of a mea- 
sured mineral resource. The deposit has been proved mineable also 
in terms of the modifying factors. 


JORC (2012) continues with a definition of an exploration target. This is 
defined as an ‘estimate of the exploration potential of a mineral deposit 
in a defined geological setting where the statement or estimate, quoted as 
a range of tonnes and a range of grade (or quality), relates to mineraliza- 
tion for which there has been insufficient exploration to estimate a Mineral 
Resource’. 

The mineralisation that has been located on the AMOR could be termed 
as exploration targets (JORC, 2012), whereas the mineral resource assess- 
ment results, presented herein, are quantifying hypothetical resources, 
according to the classification scheme of USGS (1980). The sampled mate- 
rial and the data collected during the MarMine research cruise will initi- 
ate the definition of inferred resources along the AMOR. This will, in the 
future, also be used to update the models presented in this book. It will, 
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however, take many more research cruises before the AMOR deposits can 
be quantified as indicated or measured resources, and considerable work 
on all the modifying factors must be performed to render it possible to 
define any reserves. 

Worldwide, the Solwara 1 Project inside the national jurisdiction of 
Papua New Guinea is the project that has come farthest in defining and 
classifying any SMS mineral resources on the deep ocean floor. The proj- 
ect owner, Nautilus Minerals Ltd, have published a report documenting 
extensive mapping and mineral classification according to NI43-101 (Lip- 
ton et al., 2012). 


9.2 Resource potential 


The results presented in this book were developed to review the knowl- 
edge about seabed mineral resources in Norway, with a special focus on 
possible massive sulphide mineralisation along the Mid-Atlantic Ridge. 
The work was carried out by NTNU and supported by Nordic Ocean 
Resources AS and Statoil ASA (now Equinor ASA). 

The main area of interest was the extended Norwegian Continental 
Shelf, on the northern part of the Mid-Atlantic Ridge, an area with volca- 
nic activity that has created the islands of Jan Mayen and Iceland. In the 
volcanic areas, boiling seawater extracts minerals and metals from the 
oceanic crust. When this comes into contact with cold water, gold, silver, 
copper and zinc are precipitated to a varying degree, dependent on the 
geological settings. 

Analyses and interpretations of seabed topography, structures and 
geology have been carried out in order to disclose relevant areas for the 
formation of massive sulphides deposits on the ocean floor. Based on 
these data, a probabilistic mineral resource assessment was done using the 
same methodological framework as is used for oil and gas resources, by 
the Norwegian Petroleum Directorate and oil and gas companies world- 
wide. In the summer of 2016, NTNU together with 13 industry partners 
and funded by the Norwegian Research Council through the MarMine 
Project, carried out fieldwork in the area to collect samples from known 
sea floor massive sulphide deposits. The collected samples will, in the 
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coming years, be used to update the input into the probabilistic analysis 
and thereby update the estimates. Work along these lines has been initi- 
ated (Juliani & Ellefmo, 2018a, 2018b and 2018c) and will continue in the 
years to come. 

Information on the general locations and amounts of undiscovered 
seabed massive sulphide resources within the Norwegian Economic 
Exclusive Zone will be increasingly important to exploration and resource 
managers, environmental planners, economists and policymakers, as we 
possibly progress towards a sustainable extraction of these resources. 

This book contains the results of probabilistic estimates of the amounts 
of metal of copper (Cu), zinc (Zn), silver (Ag), and gold (Au) in known 
and undiscovered seabed massive sulphide vent fields on the Mid-Atlan- 
tic Ridge, inside the Norwegian jurisdiction on the extended Norwegian 
Continental Shelf. The play analysis methodology that was used to make 
these estimates allows for an explicit expression of the estimates of undis- 
covered resources and their associated uncertainty in a form that is use- 
ful to decision makers. A combination of the probability distributions of 
the estimated number of undiscovered vent fields, the grades and the ton- 
nages, was used to obtain the probability distributions for undiscovered 
metals. However, populating the input distributions consistently with 
robust data is not trivial. One has to think outside the box. It is essen- 
tial to connect and combine the dots and pieces of data and information 
available. The grade data used as a basis in this study is based on global 
datasets, but all from mid-ocean ridge settings. Some data presented by 
Pedersen et al. (2010b) and data obtained from samples collected during 
the MarMine research cruise, show grade values lower than the grade 
data used in this play analysis. This data is scanty and based on surface 
samples only, and its significance relative to the much larger datasets 
presented by Cherkashev et al. (2013) and Hannington (2013a and 2013b) 
should not be emphasised. 

A framework for the analysis has been established in this project. 
While we believe this framework is solid, the input parameters and data 
can always be improved, and the effects of improvements can be quan- 
tified immediately, especially in terms of reducing uncertainty. One 
issue that could be discussed is, of course, the use of a dependency factor 
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quantifying the correlation between and inside plays in the aggregation 
of the plays. It goes almost without saying that it is wrong not to use 
one, but the real question lies in what the dependency factor should be. 
New ways of collecting and analysing data must be developed in order 
to quantify this parameter more precisely. Another issue not worked on 
here is to differentiate between the characteristics of the different permis- 
sive tracts. Given more local variability and coincidence of both geody- 
namical and morphostructural indicators, it would be possible to assign 
different properties to different permissive tracts. Further, a third issue is 
the possible correlation between, for example, the deposit grade and the 
deposit tonnage. Based on ancient deposits found and studied onshore, 
no clear correlations can be identified between these two parameters. 
However, large high-grade deposits are very rare. The effects of incor- 
porating such trends or correlations are beyond the scope of this publi- 
cation, but it would be interesting to look into the effects and how they 
could be incorporated into the play analysis. 

There are currently five surveyed and a number of inferred seabed mas- 
sive sulphide vent fields on the Norwegian Mid-Atlantic Ridge. To define 
favourable zones for vent fields, morphostructural and geodynamic anal- 
ysis of bathymetric data was used according to the criteria established by 
the Russian Institute for Geology and Mineral Resources of the Ocean 
(VNIIOkeangeologia). In addition to the inferred vent fields, concealed 
vent fields may exist with less bathymetric expression than the ones 
inferred. This has been shown by internationally-acknowledged research- 
ers who have published results that the assessment results obtained in 
this study have been validated against (Cathles, 2011a, 2011b; Hannington 
et al., 2011b; Hannington 2011, 2013b; Singer, 2014) 

The total of inferred and postulated undiscovered metal (hypothetical 
resource) amounts to an expected endowment of 6.9 million metric tons 
of copper metal, in addition to zinc (7.1 million metric tons), gold (175 
metric tons), and silver (10524 metric tons). Due to the lack of detailed 
data along this frontier exploration area, a great uncertainty is attached 
to these results with a huge upside potential. There is accordingly a 5% 
probability of having metal resources of more than or equal to 21 million 
metric tons of copper metal, 22 million metric tons of zinc, 597 metric 
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tons of gold, and 34000 metric tons of silver. This corresponds to a gross 
rock value for the seabed minerals within Norwegian jurisdiction of 
NOK 600 billion. The estimation further indicates a possible potential 
of more than NOK 2000 billion. These values are, of course, very much 
dependent on exchange rates, because the commodities assessed here are 
traded on industrial metals markets like the London Metal Exchange and 
thereby traded in US dollars. The commodity prices are also volatile and 
highly dependent on trading conditions and states of the market. Further, 
the gross rock values are the ‘value of the mineral resource in the ground’ 
and the uncertainty is significant. The values do not take unknown cost 
of extraction, trans-shipment and processing and their uncertainties into 
account. Much must be done and investigated before the uncertainty is 
reduced and a decision can be made regarding a potential exploitation of 
these resources. 

Nevertheless, due to the high potential indicated by this study, the 
Norwegian Government included marine minerals in their official min- 
erals strategy in 2013, and in 2017, the Norwegian Government presented 
a proposal for a new Act on Offshore Mineral Exploration (Prop. 106 L 
(2017-2018) Lov om mineralvirksomhet på kontinentalsokkelen (havbunns- 
mineralloven)). It states that the Norwegian State is the owner of minerals 
on the Norwegian Continental Shelf and the bill introduces a new regime 
for private mineral exploration and extraction inspired by the Petroleum 
Act. The new law came into effect on 1 July 2019. 

Further exploration in the years to come will hopefully confirm the 
existence of the inferred resources, as well as the costs and viability of 
their development, and thereby reduce the great uncertainty that at the 
present time is related to their tonnages and gross value. It is our strong 
recommendation that the Norwegian authorities provide the necessary 
funding to map the entire ridge, so that the uncertainty can be reduced 
and the viability of marine minerals as a future mining resource can be 
properly evaluated. This includes finalising a predictable and efficient 
administrative system, and encouraging and rendering it possible for 
universities and research institutions to do the necessary research. 
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